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ABSTRACT

Liao, Chao-Jan. Ph.D., Purdue University, May 2016. Hookless1 Regulates Responses to
Pathogens and Abscisic Acid Through Interaction with Mediator18 and Acetylation of
WRKY33 and ABI5 Chromatin. Major Professor: Dr. Tesfaye Mengiste.

Arabidopsis histone acetyltransferase HLS1 has been implicated in the control of
seedling development in response to ethylene. Here, we demonstrate that the loss of
function hls1 mutant plants have broad effects on the plant development such as early
senescence and flowering, seed insensitivity to ABA as well as plant defense responses
including enhanced susceptibility to the necrotrophic pathogen Botrytis cinerea and the
hemi-biotrophic pathogen Pseudomonas syringae DC3000 strain expressing the effector
protein AvrRpm1 strain. We show that HLS1 modulates the expression of WRKY33 gene,
a known defense regulator, as well as ABI5 in modulating ABA signaling pathway. The
regulation of WRKY33 and ABI5 is through histone H3 acetylation (H3Ac) at the specific
loci. Furthermore, pathogen infection enhances HLS1 association and H3Ac at WRKY33
chromatin.
Interestingly, MEDIATOR18 (MED18), a component of Arabidopsis Mediator
complex, is known to regulate gene expression underlying plant defense, response to to
ABA, ethylene, and flowering time which is also similar to the HLS1-regulated processes.
Consistent with this functional overlap, MED18 and HLS1 physically interact in coimmunoprecipitation (co-IP) assay in Nicotiana benthamiana and transgenic Arabidopsis
plants that co-express these proteins. In addition, the co-expression of HLS1 and MED18
proteins in Arabidopsis protoplasts enhances WRKY33 and HLS1 expression level,
suggesting HLS and MED18 synergistically activate gene expression. The results of
ChIP-qPCR assay showed that HLS1 is required for MED18 association with WRKY33
locus

but

not

affected

MED18-mediated

plant

resistance

to

B.

cinerea.

xv
Plants overexpressing WRKY33 in the hls1 mutant were rescued to the wildtype level for the ABA insensitive and the susceptibility to pathogen. While plants
pretreated with ABA prior to B. cinerea inoculation displayed enhanced plant resistance,
the hls1 and wrky33 mutant plants failed to respond to ABA and remained susceptible to
B. cinerea, suggesting that HLS1 and WRKY33 regulate plant resistance to pathogen in
response to ABA. Further, we revealed that HLS1 protein accumulation is enhanced
following B. cinerea inoculation and ABA treatment. WRKY33 expression is regulated
through histone H3Ac in response to ABA treatment.
Finally, the transcription repressor AUXIN RESPONSE FACTOR 2 (ARF2) has
been known to interfere with the HLS1-mediated apical hook formation in seedling
growth. The arf2 mutant shows extreme resistance to B. cinerea accompanied with ABA
hypersensitivity and delayed senescence and flowering. The hls1 arf2 double mutant
plants display the enhanced resistance to B. cinerea, delayed senescence indicating the
suppression of the hls1 mutant phenotypes. The data suggest a genetic interaction and
diverse functions of HLS1 and ARF2 in plant defense and development. However, HLS1
does not appear to associate with ARF2 locus. Our results indicated that the expression of
transcription factor HOMEOBOX PROTEIN 33 (HB33) is increased in arf2, but reduced
in hls1 mutant plants, implying HLS1 and ARF2 regulate the same gene(s) during
responses to pathogens through independent pathways. HLS1 has a major regulatory
function on plant defense and hormone responses through cooperation with Mediator
complex and gene activation of ABI5 and WRKY33. ARF2 functions as a suppressor to
neutralize HLS1 effects on plant defense as well as hormone responses.
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CHAPTER 1. INTRODUCTION

1.1

Introduction

Pathogens and Plants have a competitive relationship. Pathogens develop
various strategies to successfully invade plant cells on which they depend for nutrition.
As prey, plants restrict pathogens by utilizing their own physical barriers and/or active
defense mechanisms. To survive, plants have developed mechanisms to perceive and
respond quickly when encountering pathogens. Meanwhile, plants balance the limited
resources supporting growth to divert the extra energy spent on defense. For this purpose,
transcriptional re-programming occurs in plants and thousands of genes are tightly
regulated after pathogen stimulation. The main transcriptional mechanisms of gene
regulation are DNA methylation, RNA interference, and histone modification. Many
studies have shown how histone methylation and acetylation impact gene regulation
under abiotic or biotic stresses. However, the mechanism of histone acetylation
associated with plant resistance is not fully understood. In this chapter, we will briefly
discuss the general mechanism of plant immunity to the necrotrophic pathogen, Botrytis
cinerea as well as the hemi-biotrophic pathogen Pseudomonas syringe (Pst). Both
pathogens are commonly used for studying plant defense responses. Then, we will focus
on recent studies about histone modification and related proteins associated with
regulation of plant immunity.
1.2

Pathogen infection strategy

Pathogens develop multiple strategies to acquire nutrients from their hosts.
Depending on methods of nutrient uptake, pathogens are classified into three major
groups: necrotrophs, biotrophs and hemi-biotrophs. Necrotrophs absorb nutrients from
dead or dying cells by releasing cell wall-degrading enzymes (CWDEs), toxins, and
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virulence factors during colonization. While necrotrophs, cells by deceiving host immune
responses and utilizing specialized infection related structures such as haustoria. The
third group, hemi-biotrophs, has a biotrophic phase at early-infection stage and then
switches to a necrotrophic phase at the later stage. Necrotrophs are divided into two
subgroups based on the host range. One group is host-specific necrotrophs (HSNs),
including pathogens such as Cochliobolus carbonum race 1, Periconia circinata, and
Alternaria alternata. HSNs secrete host-specific toxins (HSTs) that determine their
pathogenicity or virulence (Wolpert et al., 2002). For example, C. carbonum race 1
produces HC-toxin and enhances symptoms of Northern corn leaf blight on sensitive
maize genotype (Walton, 2006). AAL toxin produced from A. alternate causes Alternaria
stem canker on sensitive tomato (Gilchrist and Grogan, 1976). A low-molecular-weight
PC-Toxin (peritoxin) produced from P. circinata results in sorghum root rot (Macko et
al., 1992). Another group is broad host-range necrotrophs (BHNs) including pathogens
such as Botrytis cinerea, Alternaria brassicicola, and Sclerotinia sclerotiorum. B. cinerea
is an airborne ascomycete and triggers programmed cell death to promote colonization
(Elad et al., 2004). B. cinerea causes the gray mold disease on hundreds of mainly
dicotyledonous plant species, especially important horticultural crops and has become a
model fungus to study plant resistance (Williamson et al., 2007).
Pst is a hemi-biotrophic pathogen and infects its host at two phases. The
epiphytic phase is initiated when Pst arrives on the surface of plants. Then, the
endophytic phase occurs when Pst moves to the apoplastic space through stomatal
opening or tissue wounding. The infected tissue shows necrosis when Pst multiplies to
reach peak population, (Xin and He, 2013).
1.3

Cell wall-related defense responses

In nature, plants trigger multi-layered defense mechanisms to counteract the
pathogen invasion. As the first layer of plant defense, cell wall provides a structural
barrier to impede pathogen entrance. It is made up of a complex of polysaccharides
(cellulose), branched polysaccharides crosslinked with celluloses (glycan), and lignins
(Zhao and Dixon, 2014). In addition, stomata closure on plant surfaces block the entrance
of bacterial cells (Melotto et al., 2008). Cutin, suberin, and waxes made by fatty acids are
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deposited on the cell wall and provide extra protection from the pathogen infection by
deposition on cell wall. For example, the functional deficiency on the cutin biosynthesis
alters plant resistance to B. cinerea (Serrano et al., 2014). Tomato mutant sitiens,
Arabidopsis mutant aba insensitive2 (abi2), and aba insensitive 3 (abi3) in abscisic acid
(ABA) response pathway enhance cuticular permeability and resistance to B. cinerea
(Curvers et al., 2010; L'Haridon et al., 2011). While constitutive defensive barriers,
callose deposits and papillae between cell wall and cell membrane respond rapidly to
block pathogen invasion. Altogether, the first layer of defense responses is mainly a
passive protection against pathogen invasion.
1.4

PAMP-Triggered Immunity (PTI)

The second layer of plant defense is an active response triggered by the
component of pathogens, called Pathogen-associated molecular patterns (PAMPs). The
pattern recognition receptors (PRRs) on the host cell membrane can recognize these
PAMPs. For example, FLAGELLIN SENSITIVE2 (FLS2) is a PRR that recognizes the
bacterial PAMP, flagellin. The PRR-PAMP association further activates downstream
responses through the protein phosphorylation. For example, a receptor-like kinase
(RLK), BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1) by
phosphorylation (Chinchilla et al., 2007). The phosphorylated BAK1 further
phosphorylates Botrytis induced kinase 1 (BIK1) that is a receptor-like cytoplasmic
kinase (RLCK). BIK1 activates NADPH Oxidase Respiratory burst oxidase homolog D
(RbohD) phosphorylation and then triggers reactive oxygen species (ROS) production
such as extracellular superoxide (O2-) and hydrogen peroxide (H2O2). These superoxides
trigger closure of stomata to restrict bacterial entry (Li et al., 2014). Among studied PRRPAMP pairs are elongation factor Tu vs EFR; peptidoglycans (PGNs) vs LYM1/3CERK1; Lipopolysaccharide (LPS) vs lipooligosaccharide-specific reduced elicitation
(LORE); or Ax21 vs XA21 (Zipfel et al., 2006; Lee et al., 2009; Willmann et al., 2011;
Ranf et al., 2015) (Figure 1.1).
Though fungi carry different types of PAMPs, they may initiate similar defense
signalings. Chitin or its derivatives are recognized by the receptor Chitin Elicitor
Receptor Kinase 1 (CERK1) in Arabidopsis and the chitin elicitor binding protein
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(CEBiP) in rice. The ethylene-inducing xylanase (EIX) from ascomycete Trichoderma
viride is recognized by receptor LeEIX2 (Boller and Felix, 2009).
Plant defense is also triggered by danger-associated molecular patterns (DAMP)
resulting from wounding. Typical DAMPs are Pep1/2 in Arabidopsis, systemins in
Solanaceae, extracellular ATP, oligogalacturonides (OGs), and cutin monomers that are
released endogenously from damaged cells (Savatin et al., 2014). Arabidopsis Peps
(AtPeps) are recognized by RLKs (PEPR1 and PEPR2). Pretreatment of maize Peps
(ZmPep1) enhances plant resistance to the foliar pathogen Cochliobolis heterostroplus
and the stalk rot pathogen Colletotrichum graminicola (Huffaker et al., 2011). Pectins or
OGs released from the damaged cell wall are covalently bound by wall-associated
kinases (WAKs) (Decreux et al., 2006; Ferrari et al., 2013). Through WAKs, OGs
activate ROS production, elevate calcium ion concentration, and enhance camalexin
accumulation against B. cinerea (Chandra et al., 1997; Ferrari et al., 2007). Similar
defense responses are induced by ATPs (Demidchik et al., 2009). Leaking ATPs from the
damaged cells are recognized by the lectin receptor kinase DOES NOT RESPOND TO
NUCLEOTIDES1 (DORN1) and trigger plant defense responses in Arabidopsis (Choi et
al., 2014). Cutinases from fungal pathogen Erysiphe graminis degrade the cuticle to cutin
monomers and trigger defense responses. Pretreatment with cutin monomers on barley
leaves enhances resistance to E. graminis (Schweizer et al., 1996). Overall, the variety of
PAMP-PRR combinations reveals the complexity of plant-controlling pathogen infection.
1.5

Effector-Triggered Susceptibility (ETS)

To effectively compromise PTI and promote virulence, pathogens deliver
effectors into host cells resulting in effector-triggered susceptibility (ETS) (Jones and
Dangl, 2006). More than sixty effectors have been identified in Pst and their functions on
plant immunity are described (Xin and He, 2013). Each effector suppresses host
immunity through various mechanisms including post-translational modification (PTM)
(AvrRpm1; PopP2), RNA stability, transcriptional modification (AvrBs3; HopUI), and
protein turnover by protease activity or protein degradation (AvrRpt2; AvrPphB;
AvrPtoB) (Mackey et al., 2002; Mackey et al., 2003; Shao et al., 2003; Fu et al., 2007;
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Romer et al., 2007; Rosebrock et al., 2007; Tasset et al., 2010). Some effectors may
target multiple host proteins to promote pathogen virulence (Deslandes and Rivas, 2012).
As in bacterial effector-triggered susceptibility, necrotrophic ETS is induced by
HSN secretion into host tissue For example, resistance (R) gene (Pc) in sorghum
recognizes PC-toxin, resulting in plant susceptibility (Nagy et al., 2007). ACT-toxin
secreted by A. alternata is considered an effector which suppresses defense gene
expression in HST-sensitive plants but induces defense responses in HST-insensitive
plants (Tsuge et al., 2013). Another example is ACR-toxin sensitivity gene (ACRS)
encoding a mitochondrial membrane receptor which recognizes ACR-toxin from A.
alternata and results in sensitive citrus. Without ACRS, citrus is insensitive to ACR-toxin
and resistant to A. alternata (Ohtani et al., 2002). Overall, fungi and bacteria have
coevolved with their hosts to suppress basal defense by using toxin compounds and
effectors, respectively.
1.6

Effector-Triggered Immunity (ETI)

To ease effectors depressing plant immunity, the R-gene encoded nucleotide
binding and leucine rich repeat (NB-LRR) protein activates the effector-triggered
immunity (ETI) by recognizing effectors directly or indirectly (Jones and Dangl, 2006).
The ETI signaling leads to a hypersensitive response (HR) to confine pathogen growth to
the infected area. According to recent publications, two models have been proposed about
the function of R proteins in plant defense. The first is guard model that R protein is able
to detect the perturbation caused by effectors on defense protein (Van der Biezen and
Jones, 1998; Dangl and Jones, 2001). However, this model does not completely answer
the phenomenon caused by the evolutionary selection pressure and experimental results.
Hence, the decoy model is proposed that the decoy protein is able to attract effector away
from its original target (van der Hoorn and Kamoun, 2008). It is difficult to distinguish
which models operate in plants. For example, RIN4 function in defense is considered as
the guard model. RIN4 phosphorylation by AvrRpm1 is required for RPM1-mediated
defense responses. In addition, RIN4 cleavaged by AvrRpt2 is required to inactivate
RPS2-mediated defense responses. (Jones and Dangl, 2006). On the other hand, RIN4 is
also considered a decoy. Without RIN4, AvrRpm1 and AvrRpt2 still promote virulence
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in plants (Belkhadir et al., 2004). The loss of AvrRpt2 function to RIN4 maintains its
virulence (Lim and Kunkel, 2004).
1.7

Defense signal transduction and transcriptional regulation

Plant defense signals are initiated by PRR-PAMP or PRR-DAMP association and
sequentially activate downstream signaling cascades of protein kinase phosphorylation.
Plant mitogen-activated protein kinase (MAPK) signaling cascades are involved in PTI as
well as ETI. In fungi, BHNs activate phosphorylation from MAPKKK to MKK4/MKK5,
and then to MPK3/MPK6 (Figure 1) (Li et al., 2012). In addition to MAPK, calciumdependent protein kinase (CDPK) signaling cascades are also phosphorylated by
increasing the cytosolic Ca2+ concentration (Gao et al., 2013). In general, MAPK or
CDPK cascades initiate transcriptional reprogramming through transcription factor (TF)
regulatory networks coupled with co-regulatory proteins (coactivator or corepressor)
(Moore et al., 2011). In other words, TFs are phosphorylated by MAPKs for defense gene
activation. For example, WRKY33 is phosphorylated by MPK3/MPK6 and activates
genes in camalexin biosynthesis pathway implicated in resistance to B. cinerea (Zheng et
al., 2006; Mao et al., 2011). A MYB family of TF, MYB51, activates indole
glucosinolate (IG) biosynthetic genes to enhance plant resistance to necrotrophs
(Sanchez-Vallet et al., 2010). Under CDPK cascades, CPKs phosphorylate WRKY8,
WRKY28, WRKY48, or RbohD/F for ROS production (Gao et al., 2013). Then,
WRKY48 and WRKY8 further activate downstream TF gene expression suggesting that
defense responses are amplified through TFs (Gao et al., 2013). The TF-mediated defense
response also alters ET, JA, and salicylic acid (SA) responsive genes. Activation of ACS2
and ACS6 genes in ET pathway by MAPKs enhances plant resistance to B. cinerea (Mao
et al., 2011). Besides, MAPKs also stabilize ETHYLENE RESPONSE FACTOR 6
(ERF6) by phosphorylation and further activate plant DEFENSIN 1.2 (PDF1.2)
expression (Meng et al., 2013). MPK6 activates ERF104 by dissociating ERF104 from
MPK6 after flagellin induction (Bethke et al., 2009) (Figure 1.1). TFs such as
OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF59 (ORA59) and ERF1
are positive regulators of resistance to necrotrophs through regulation of PDF1.2
expression (Tsuda and Somssich, 2015). However, a basic helix-loop-helix leucine zipper
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TF, MYC2, antagonizes the activation of ORA59/ERF1 in JA pathway and myc2 mutant
enhances plant resistance to B. cinerea through a branch of JA pathway (Lorenzo et al.,
2004). MYC2 activates NAC family of TF such as ANAC019, ANAC055, or ANAC072
and is able to suppress SA biosynthetic gene SALICYLIC ACID INDUCTION
DEFICIENT2 (SID2) expression (Zheng et al., 2012). The last example of TF is TGA2,
TGA5, and TGA6, which contain basic leucine zipper (bZIP) domain. The bZIP domain
in these TFs is phosphorylated by MAPK cascades and activates SA-mediated plant
defense (Zhang et al., 2003).
A few reports have shown that defense signaling is transmitted through PRR
itself. For example, XA21 is a well-known protein against rice blast pathogen X. oryzae
pv. Oryzae. XA21 translocates its intracellular domain from cytosol into nucleus and then
interacts with WRKY62 to derepress its target gene (Peng et al., 2008; Park and Ronald,
2012)(Figure 1.1). Another example is Panicle blast1 (Pb1)-dependent defense signaling
required for plant resistance to rice blast fungus Magnaporthe oryzae (Inoue et al., 2013).
Pb1 is is translocated to nucleus to prevent OsWRKY45 degradation.
1.8

Coactivators and corepressors

While TF, coactivator and corepressor regulate gene expression without binding
to DNA. Instead, they associate to chromatin through transcription factors. A recent
review discussed their functions in plant defense responses (Moore et al., 2011). For
example, Non-expresser of Pathogenesis-Related gene 1 (NPR1), a well-known
coactivator, interacts with TGA transcription factors and transcriptionally reprograms
thousands of immune-related genes in Arabidopsis (Subramaniam et al., 2001; Fan and
Dong, 2002). Therefore, NPR1 is tightly controlled by different mechanisms. First, to
avoid NPR1-triggered autoimmunity, NPR1 forms an oligomer to stay in the cytoplasm
(Tada et al., 2008). Upon pathogen infection, SA triggers NPR1 monomerization to
relocalize into nucleus (Kinkema et al., 2000; Mou et al., 2003). Second, NPR1 monomer
is degraded by Cullin3-mediated ubiquitination to control NPR1-mediated autoimmunity.
The cullin3 mutant or application of proteasome inhibitor induces defense gene
expression confirmed this scenario (Spoel et al., 2009). Third, the recruitment of other
components with NPR1 is required for NPR1 function. For example, a component,
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SUPPRESSOR OF NPR1 INDUCIBLE1 (SNI1), interacts with a TF TGA2 and represses
NPR1-dependent PR1 expression (Kesarwani et al., 2007). Some activators,
RADIATION SENESITIVE 51D (RAD51D) and SUPPRESSOR OF SNI1 2 (SSN2)
induce plant defense gene expression with NPR1 recruitment (Durrant et al., 2007; Song
et al., 2011).

Figure 1.1. PAMP-triggered immunity (PTI).
In general, defense signaling is activated by PRR perceiving PAMPs or DAMPs from
pathogens or damaged cells, respectively. Signals are initiated by PRR-PAMP
recognition through kinase phosphorylation, amplified through MAPK or CDPK cascade,
eventually delivered into nucleus. Then, defense genes are regulated by TFs.
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1.9

Priming defense

While PTI- or ETI-mediated plant immunity mainly occurs at site of infection,
priming-mediated plant immunity reacts faster and stronger to secondary pathogen
infection occurring on systemic tissue. Depending on the infection strategies of pathogens
and the types of defense signaling, three main types of systemic resistance are
characterized including systemic acquired resistance (SAR), induced systemic resistance
(ISR), and β–aminobutyric acid- induced resistance (BABA-IR). SAR triggered by
necrotizing pathogens spreads to whole plant tissue. The endogenous SA accumulation
and NPR1 are required for SAR (Ryals et al., 1996; Fu and Dong, 2013). The second type
is ISR induced by symbiotic pathogens, including rhizobacteria, mycorrhiza, or
Pesudomonas fluorescens WCS417r. ISR-mediated plant resistance to pathogens or
insects is dependent on JA and ET pathways (Pieterse et al., 2014). The third type is nonprotein amino acid BABA that triggers broad spectrum resistance to P. syringae pv.
tomato through SA and NPR1-mediated pathways. BABA also activates plant resistance
to pathogenic fungi and oomycetes through ABA- and phosphoinositide (PI)- dependent
pathways (Zimmerli et al., 2000; Ton and Mauch-Mani, 2004). Recently, a new natural
compound Hexanoic acid (Hx) was identified to confer broad spectrum resistance to B.
cinerea. Hx activates hormone-associated defense responses, callose deposition, and ROS
balance (Aranega-Bou et al., 2014).
In SAR, mobile signals such as methyl salicylate (meSA), azelaic acid (AZA),
pipecolic acid (PA), auxin, dehydroabietinal (DA), or glycerol-3-phosphate (G3P) are
reported (Park et al., 2007; Chanda et al., 2011). meSA is an inactive form of SA and
may translocate to systemic leaves. After SAR induction, meSA converts back to SA by
salicylic acid-binding protein 2 (SABP2) (Tripathi et al., 2010). PA induces PR1
expression and camalexin accumulation under secondary pathogen infection (Navarova et
al., 2012). AGD2-like defense response protein 1 (ALD1) is an aminotransferase required
for PA accumulation and its mutation affects the priming function as well as BABA-IR to
bacteria (Navarova et al., 2012). AZA is degraded form of free unsaturated fatty acids
and confers resistance to P. syringae pv. maculicola (Psm) secondary infection by SA
accumulation (Jung et al., 2009). Azelaic acid induced 1 (AZI) gene encoding a putative
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protease-inhibitor/seed-storage/lipid-transfer family protein is required for AZAmediated SAR but its biological function is unclear (Maldonado et al., 2002; Conrath et
al., 2015). Recent reports indicated the crosstalk of mobile signals for SAR signaling
regulation. For example, the lipid transfer protein, Defective in induced resistance 1
(DIR1), interacting with AZI1, is required for G3P-mediated SAR function. Conversably,
G3P is required for DIR1- and AZI1-mediated function on SAR (Maldonado et al., 2002;
Yu et al., 2013).
The roles of TFs in priming responses have been studied. MYC2 is important for
local and priming defense. The mutation in MYC2 gene results in impaired WCS417rinduced ISR (Pozo et al., 2008; Pieterse et al., 2014). On addition, MYC2 regulates
JA/ET-dependent gene expression through MYC2 binding sites on their promoter regions
in P. fluorescens WCS417r-mediated ISR (Verhagen et al., 2004). A novel coactivator
Heat shock factor B1 (HsfB1) function in SAR was identified. HsfB1 is involved in SA
analog benzothiadiazole (BTH)-induced priming against Pst. by activation of defense
genes PAL1 and WRKY29 (Pajerowska-Mukhtar et al., 2012; Pick et al., 2012). A recent
publication demonstrated that priming status inherits to offspring, called primed-to-beprimed phenotype (Slaughter et al., 2012). Compared to non-primed progeny, the primed
progeny induced by BABA-treated or Pst. DC3000 (avrRpt2) is resistance to H.
arabidopsis and Pst. DC3000, suggesting the transgenerational inheritance and resistance
of offspring of primed plants.
1.10 Histone modification
Histone modifications occur through post-translational modifications (PTMs) of
histones with subsequent impacts on gene expression. A fundamental chromatin structure
is the nucleosome which is approximately 147 base pairs of DNA wrapped around a
histone octamer that contain a pair of histone H2A, H2B, H3, and H4. The gene
expression is tightly regulated by alteration of chromatin structure in response to
environmental stresses. The switches between euchromatin (open chromatin and gene
transcribed) and heterochromatin (closed chromatin and gene stationary) are dynamically
regulated by protein modifications on amino-terminal tail of histones. The major protein
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modifications

on

histones

include

methylation,

acetylation,

phosphorylation,

ubiqutination, and SUMOlyation (Bannister and Kouzarides, 2011).
1.11 Histone methylation in plant immunity
Histone methylation determines transcriptional activation or repression. Histone
methyltransferases are able to transfer methyl groups from S-adenosyl methionine to
lysine residues on histones; particularly on lysine residue in the form of mono-, di-, or trimethylation. Depending on the conserved domain of methyltransferase and its target
residue, methyltransferase is divided into three groups: the group with SET domain on
lysine residue (histone methyltransferase; HMT), the group with non-SET domain on
lysine residue, and the group of arginine methyltransferase (PRMT) (Shilatifard, 2006;
Wysocka et al., 2006). HMTs contributing to plant defense have been studied. The
arabidopsis homolog of trithorax (atx1)/sdg27 mutant reduces PR1 expression and is
susceptible to Pst. ATX1 activates WRKY70 gene expression by H3K4 trimethylation at
WRKY70 promoter (Alvarez-Venegas et al., 2007). SET domain group 8 (SDG8)
activates JA/ET defense-related genes against necrotrophic pathogens by H3K36 trimethylation (Berr et al., 2010). Another report indicated that SDG8/LAZ2 methylates
H3K36 to maintain transcriptional activation on LAZ5 gene which encoded an immune
receptor (Palma et al., 2010). The sdg8/ashh2 and sdg37/ashr1 have faster HR to nonpathogenic Pst hrpA- and pathogenic Pst DC3000 strains. Low H3K4 di-methylation on
PR1 promoter results in defective PR1 induction in both the ashr1 and ashh2
backgrounds after Pst DC3000 infection (De-La-Pena et al., 2012). These results implied
that histone methyltransferase has redundant function. The Arabidopsis Trithorax-related
7 (ATXR7) is a H3K4 methyltransferase and interacts with Modifier of SNC1 (MOS9) to
regulate SNC1 and RPP4 expression as well as H. arabidopsidis Emwa1 resistance (Xia
et al., 2013). Obviously, histone methylation was also implicated in priming. The
bacterium Psm. ES4326 primed WRKY6, WRKY29, and WRKY53 expressions through
H3K4 methylation at their promoter regions (Jaskiewicz et al., 2011). Their data
suggested that the histone methylation is enhanced in systemic leaves after primary
inoculation but its target gene is not induced until further stimulation. It is likely that
defense responsive genes are marked through the histone methylation and ready for
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priming in the systemic resistance. In the primed to priming phenotype, H3K4me3 is
proposed as a histone marker for stress memory (Conrath et al., 2015).
1.12 Histone acetylation
Histone acetylation is a post-translational modification where N-terminal lysine
residues on histones H3 (K9, K14, K18, K23, and K27) and H4 (K5, K8, K12, K16, and
K20) are dynamically regulated by versatile histone acetyltransferases (HATs) or histone
deacetylases (HDACs) (Earley et al., 2007; Zhang et al., 2007). HAT function on gene
activation was identified in 1964 (Allfrey et al., 1964). After 30 years, the HAT activity
of Tetrahymena polypeptide of p55 kDa (p55) and yeast GCN5 were proven with clear
evidences to connect histone acetylation and gene activation (Brownell et al., 1996;
Candau et al., 1997). Based on the similarity of genomic sequences of yeast, C. elegans,
and Drosophila, HATs are categorized into four groups: GENERAL CONTROL of
NONDEREPRESSIBLE 5 (GCN5)-related N-acetyltransferase (GNAT), CREBBINDING PROTEIN (CBP)/p300 superfamilies, members of MOZ-YBF2-SAS2-TIP60
(MYST), and TBP-ASSOCIATED FACTOR (TAF1) (Pandey et al., 2002).
More evidences were presented that the hypoacetylated status is maintained
during transcriptional elongation with profound effects on genome integrity, DNA repair,
and DNA replication (Kim et al., 2002; Winkler et al., 2002; Papamichos-Chronakis and
Peterson, 2013). A model has been proposed that the histone acetyltransferase
sequentially recruits with DNA binding proteins, coactivators, transcriptional factors, and
polymerase II (RNAPII) to form ATP-dependent chromatin-remodeling complex that
slides the nucleosome on DNA strand or evicts the histones (Suganuma and Workman,
2011).
The GNAT family is further divided into three subfamilies in Arabidopsis;
GENERAL CONTROL OF NON-DEREPREESIBLE 5 (GCN5), a transcriptional
elongator complex protein (ELP3), and HAT1 (Pandey et al., 2002). GCN5 impacts
global histone H3 acetylation, especially on histone H3K14 (Stockinger et al., 2001;
Bertrand et al., 2003; Earley et al., 2007). GCN5 histone acetylation activity is altered by
the phosphorylation status. Protein phosphatase 2C (PP2C) dephosphorylates AtGCN5 to
suppress its acetylation activity (Servet et al., 2008). Similar to yeast GCN5, AtGCN5 is
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recruited with transcriptional adaptor proteins ADA2a and ADA2b that enhance its
acetylation activity (Mao et al., 2006). In addition, AtGCN5 acetylates N-terminal amino
acid of ADA2a and ADA2b due to the sequence similarity to histone H3 (Mao et al.,
2006). In response to cold stress, AtGCN5, ADA2a, and ADA2b interact with a
transcriptional activator, cold-induced transcription factor (CBF1), and activate coldregulated gene expression (Stockinger et al., 2001; Mao et al., 2006). The similar
complex was found in maize where the maize GCN5 (ZmGCN5) and its transcriptional
adaptor protein ADA2 (ZmADA2) interact with maize Opaque-2 (ZmO2), a bZIP class
transcription factor, to activate downstream gene b-32 (Bhat et al., 2004). Interestingly,
the deacetylase inhibitor Trichostatin A (TSA) increases the acetylation level on histone
H4 but suppresses ZmGCN5 protein level. Whereas, the reduction of ZmGCN5 protein
level results in the downregulation of the RPD3-type deacetylase HD1B, suggesting that
a dynamic acetylated balance on histones between histone acetylation and deacetylation
(Bhat et al., 2003).
AtGCN5 impacts plant development. GCN5 may indirectly suppress a key floral
meristem regulatory gene WUSCHEL (WUS) by activation of a repressor to WUS
promoter region (Long et al., 2006). AtGCN5 also up-regulates the expression of root
stem cell transcription factors PLETHORA (PLT1 and PLT2) for root stem cell niche
maintenance (Kornet and Scheres, 2009). Recent studies suggested phenotypical
connections between histone acetyltransferases and deacetylases. In the leaf cell
differentiation, the loss of function GCN5 showed less differentiation with fewer or no
branches of trichomes. On the other hand, the mutation in histone deacetylase
AtHD1/HDA19 causes high density of trichomes. The double mutant athd1 gcn5 is
restored to the wild-type phenotype, but the molecular mechanism is unknown (Servet et
al., 2010). Similar phenotypes were found in response to light. GCN5 is genetically
epistatic to ELONGATED HYPOCOTY5 (HY5) to further control light-responsive
genes (Benhamed et al., 2006; Benhamed et al., 2008). GCN5 may be recruited with
AtHD1 to modulate light-responsive genes through the homeostasis of histone acetylation
(Benhamed et al., 2006). GCN5 also interacts with other histone acetyltransferases. For
example, histone acetyltransferase TAF1 may work cooperatively with GCN5 at
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distinctive promoter region of target genes (Benhamed et al., 2006). Histone acetylation
is also required for priming. Abiotic stresses such as heat, cold, or salt primed plant
resistance to Pst DC3000 through histone acetylation on PTI responsive genes FRK1,
WRKY53, and NHL10 (Singh et al., 2014).
1.13 JA/ET-mediated plant defense responses with histone acetylation
In general, JA, ET and SA are considered as the three major hormones directly
involved in plant defense. JA and ET are important for plant resistance to necrotrophic
pathogens. JA and ET activate downstream gene expression against fungal pathogens
(Penninckx et al., 1996; Dong, 1998). PDF1.2 activation is mediated by
APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) transcription factors such
as ERF1 and ORA59 through TF EIN3/EIL1 in ET signaling pathway (Lorenzo et al.,
2003; Pre et al., 2008). Histone deacetylase 6 (HDA6/ RPD3B) represses EIN3/EIL1mediated

downstream

gene

transcription

(Zhu

et

al.,

2011).

Chromatin

immunoprecipitation (ChIP)-quantitative PCR (qPCR) assay demonstrated that target
genes are significantly enriched through all lysine sites on histone H3 and H4 except
histone H4K16 in the hda6 mutant, suggesting its deacetylase activity (To et al., 2011).
Another report has shown that HDA6 interacts with CORONATINE-INSENSITIVE1
(COI1) to modulate JA-mediated plant immunity (Wu et al., 2008). HDA19/HD1 is also
a negative regulator of JA/ET-mediated plant defense to the necrotrophic pathogen, A.
brassicicola (Zhou et al., 2005). The hda19 mutant increases the histone H3 acetylation.
Another notable example is HC-toxin that inhibits histone deacetylation. HC-toxin
treatment or virulent fungi induces histone H4 hyperacetylation in susceptible maize. HCtoxin specifically targets Reduced Potassium Dependency protein 3/ Histone Deacetylase
1 (RPD3/HDA1) type of HDAC (Brosch et al., 1995; Ransom and Walton, 1997).
However, the direct targets of RPD3/HDA1 contributing in HC-toxin-mediated plant
susceptibility are unclear. Overall, the molecular evidences demonstrated that histone
deacetylation regulates JA-mediated defense gene activation.
1.14 SA-mediated plant defense responses through histone acetylation
Generally, the infected plants increase SA accumulation and activate SAdependent signaling genes to defend against biotrophs.The SA-induced PR1 is
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accompanied with the increasing acetylated histones at the PR1 locus in Arabidopsis
(Mosher et al., 2006; Koornneef et al., 2008). Arabidopsis histone deacetylase HDA19
represses PR1 expression through histone deacetylation on PR1 promoter, resulting in
enhanced susceptibility to Pst (Choi et al., 2012). Besides, transcriptional activators
WRKY38 and WRKY62 which function as negative regulators of plant basal defense
interacts with HDA19 to regulate PR1 expression (Kim et al., 2008). Furthermore, SIRTUIN1 (OsSRT1) in rice deacetylates histone H3K9 on the promoter regions of HRresponsive genes (Huang et al., 2007). AtSRT2 highly divergent from OsSRT1
suppresses SA-regulated genes PHYTOALEXIN (PAD4), ENHANCED DISEASE
SUSCEPTIBILITY 5 (EDS5), and SALICYLIC ACID INDUCTION DEFICIENT 2 (SID2)
and contributes to Pst resistance (Wang et al., 2010). A recent report illustrated that
histone acetylation participates in the transgenerational resistant memory. In the progeny
of primed plant, the histone H3K9 acetylation at PR1, WRKY6, and WRKY53 promoters
is enhanced, resulting in resistance to H. Arabidopsidis and Pst (Luna et al., 2012).
1.15 Mediator
Mediator is a multi-subunit protein complex that functions as a co-factor
between transcription factors and RNA polymerase II (RNAPII) (Reeves and Hahn,
2003). Depending on its interacting transcription factors, the mediator complex activates
or represses transcription (An and Mou, 2013). The 34 Mediator subunits identified in
Arabidopsis are organized into three modules named head, middle, and tail. Most of them
are conserved in eukaryotes except six of them that are unique to Arabidopsis (Backstrom
et al., 2007). The mediator subunits were implicated in plant immunity through JA/ET- or
SA- dependent defense pathways. For example, MED25 interacts with TF MYC2 to
induce JA-mediated gene expression (Chen et al., 2012). Recently, it was found that
ERF1 and ORA59 interact with MED25 to activate PDF1.2 expression (Kidd et al., 2009;
Cevik et al., 2012). MED8, similar as MED25, is involved in plant resistance to B.
cinerea through JA-dependent pathway (Kidd et al., 2009; Zhang et al., 2012). CYCLINDEPENDENT KINASE8 (CDK8) is a component of mediator complex and negatively
regulates plant resistance to B. cinerea. CDK8 interacting with MED25 transcriptionally
activates PDF1.2 expression, suggesting that MED25 recruits different transcription
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factors to modulate defense gene expression (Zhu et al., 2014). Similarly, MED18
functions as a coactivator or repressor modulating ABA responses, flowering time, and
defense signaling pathways through interactions with different transcription factors (Lai
et al., 2014). Mediator function also affects histone modification. The recent data
displayed that MED21 interacts with chromatin modifying enzyme, HISTONE
MONOUBIQUITINAION1 (HUB1), to affect plant resistance to fungal infection
(Dhawan et al., 2009). Mediators also participate in genome stability (Kim et al., 2011).
MED17, MED18, and MED20a affect miRNA biosynthesis by promoting RNA
polymerase recruitment to MIR genes (Kim et al., 2011).
Mediator is involved in SAR. MED16 is involved in plant resistance to B.
cinerea through JA/ET and SA pathways (Zhang et al., 2012). In addition, MED16
positively regulates SAR and may function at the downstream of NPR1. MED15/NONRECOGNITION-OF-BTH 4 (NRB4) also functions at the downstream of NPR1 in SARinduced plant immunity (Canet et al., 2012). MED14, as a tail module similar as MED15
and MED16, participates in SAR-induced immunity through SA-responsive pathway
(Zhang et al., 2013).
1.16 Chromatin remodeling for transcriptional regulation
The ATP-dependent chromatin-remodeling complex acts on gene regulation by
reposition, disruption, or forming nucleosomes. The Photoperiod-independent Early
flowering (PIE1) is a component of SWR1-like complex and interacts with histone
variant H2A.Z. The pie1 mutant resulting in the constitutive SAR with the spontaneous
cell death enhances plant resistance to Pst (March-Diaz et al., 2008). SPLAYED (SYD)
protein belongs to SWI/SNF family and associates with promoter regions of JA/ET
responsive genes to enhance plant resistance to B. cinerea, but not to Pst (Walley et al.,
2008). The syd/muse mutant is able to reverse SUPPRESSOR OF NPR1,
CONSTITUTIVE 1 (SNC1)-mediated immunity (Johnson et al., 2015). The SYD
homologue, BRAHMA (BRM), has a redundant role in the modulation of SA-responsive
genes (Bezhani et al., 2007). The chromatin remodeling gene Decrease in DNA
Methylation 1 (DDM1) maintains DNA methylation and stabilizes the genomic region of
NB-LRRs within RECOGNITION OF PERONOSPORA PARASITICA 5 (RPP5) locus
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that regulates SNC1 expression (Yi and Richards, 2007, 2009). DDM1 remodels
heterochromatic, H1-bound nucleosomes to access DNA methyltransferases to DNA
(Zemach et al., 2013). DDM1 and RNA-directed DNA methylation (RdDM)
synergistically mediate the transposon methylation to prevent the transposition (Zemach
et al., 2013). The remodeler not only modulates DNA methylation, but also functions on
histone ubiquitination for defense gene activation. For example, in the absence of
pathogen attack, a SWI/SNF2 family gene BRHIS1 interacts with mono-ubiquitinated
histone variants H2B.7 and H2A.Xa/H2A.Xb/H2A.3 and represses defense gene
expression (Li et al., 2015). The priming-inducing compound 1,2-benzisothiazol-3(2h)one,1,1-dioxide (BIT) or pathogen infection reduces BRHIS1 expression to further release
mono-ubiquitinated histone variants H2 from BRHIS1 and eventually activate the
defense gene expression (Li et al., 2015). The studies indicated that the expression of
defense gene is tightly controlled through the complicated mechanism of histone
modification.
1.17 Research Objectives
We conducted reverse genetic screening to identify Arabidopsis genes alternated
plant resistance to pathogens. The hookless1 (hls1) and auxin response factor (arf2)
mutant plants were found to enhanced its susceptibility and resistance to B. cinerea,
respectively. Previous studies indicated both have opposite phenotypes to light and affect
on hook development in seedlings (Li et al., 2004). HLS1 is a putative histone
acetyltransferase based on its conserved domain. However, its activity and direct targets
are unknown. We hypothesized that HLS1 modulates defense gene expression through its
histone acetylation activity. In addition, we investigated the relationship between ARF2
and HLS1 on plant immunity. Our goal is to determine HLS1 and ARF2 function in the
plant resistance using molecular, biochemical, and genetic approaches. The specific
objectives are to:
1. Determine defenses of HLS1 and ARF2 through the mutant characterization.
1.1. Characterize the plant hormone responses of HLS1 to explain the disease phenotypes
of hls1 and arf2 mutants.
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1.2. Identify genes regulated by HLS1 and characterize potential defense or hormone
pathways that may function in HLS1-dependent manner.
2. Identify potential interactors of HLS1 and study their functions on plant defense.
3. Characterize the functional and molecular relationships between HLS1 and ARF2 in
plant resistance to B. cinerea.
The results of objective 1 and 2 are described and discussed in chapter 2 and the results
of object 1 and 3 are described and discussed in chapter 3.
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CHAPTER 2. ARABIDOPSIS HOOKLESS1 REGULATES RESPONSES TO
PATHOGENS AND ABSCISIC ACID THROUGH INTERACTION WITH
MED18 AND ACETYLATION OF WRKY33 AND ABI5 CHROMATIN

2.1

Abstract

Arabidopsis HOOKLESS1 (HLS1) encodes a putative histone acetyltransferase
known for its function in seedling growth. Here we show that HLS1 is a critical regulator
of plant responses to pathogens and to the stress hormone abscisic acid (ABA) through
histone acetylation at chromatin of target loci. The hls1 mutant is impaired in plant
responses to bacterial and fungal infection and displays accelerated senescence coupled
with impaired responses to ABA. Accordingly, HLS1 modulates the expression of
WRKY33 and ABI5, known regulatory genes in pathogen and ABA responses,
respectively, through direct association with these loci. Histone 3 acetylation (H3Ac), a
positive mark of transcription, at WRKY33 and ABI5 chromatin hinges on HLS1
functions. ABA treatment and pathogen infection enhance HLS1 recruitment and H3Ac
at WRKY33 chromatin. Interestingly, HLS1 associates with Mediator, a eukaryotic
transcription co-regulatory complex, through direct interaction with mediator subunit 18
(MED18) with which it shares multiple biological functions. Importantly, MED18 is
recruited by HLS1 to WRKY33 promoter, which further boosted WKRY33 gene
expression and responses to pathogens, suggesting the synergetic action of HLS1 and
MED18 on transcriptional activation. By contrast, MED18 recruitment to ABI5 locus and
function in transcriptional activation is independent of HLS1. ABA-mediated priming of
resistance to fungal infection was abrogated in hls1 and wrky33 mutants but correlated
with ABA-induced HLS1 protein accumulation in HLS1 overexpression plants. In sum,
HLS1 has a major regulatory role in pathogen and hormone response pathways through
interaction with the Mediator complex and transcriptional activation of WRKY33 and
ABI5 transcription factors.

38
2.2

Introduction

Plants fend off infection by deploying multiple immune responses that
correspond to variations in pathogen virulence strategies. PAMP triggered immunity (PTI)
is stimulated by recognition of pathogen associated molecular patterns (PAMP) such as
components of fungal cell walls, chitin, or flagellin protein from bacterial flagella by
pattern recognition receptors. A more specialized resistance, commonly known as
effector-triggered immunity (ETI), is activated upon recognition of effectors by
intracellular resistance proteins (R proteins) (Jones and Dangl, 2006). Downstream of
pathogen recognition, a cascade of regulatory hierarchy activates an array of molecules
that counteract pathogens. Transcriptional regulations of genes encoding diverse
molecules are widely recognized to be important in plant immune responses. Posttranslational modifications (PTMs) of histone tails are prominent mechanisms that
modulate gene expression in plant responses to pathogens as well as regulate other plant
functions. PTMs of histone tails alter interactions between DNA and histones, resulting in
chromatin structure that is permissive or repressive to transcription and other DNA
metabolic processes (Chen and Tian, 2007). The open or permissive state of chromatin
allows the recruitment of transcriptional complexes and enzymes, including DNA
binding proteins, co-factors and RNA polymerase II (RNAP II) to enhance transcription.
The acetylation of lysine residues on histones is dynamically regulated by histone
acetyltransferases (HATs) and histone deacetylase (HDACs) that ultimately alter gene
expression patterns. HATs are divided into four groups: GENERAL CONTROL OF
NON-DEREPRESSIBLE 5-RELATED N-ACETYLTRANSFERASE (GNAT); CREBbinding protein (CBP)/p300 super families; members of MOZ-YBF2-SAS2-TIP60
(MYST); and TBP-associated factor 1 (TAF1), all of which have conserved catalytic
domains (Pandey et al., 2002). GCN5 in Arabidopsis is implicated in plant developmental
functions, such as floral meristem formation or root meristem differentiation (Bertrand et
al., 2003; Kornet and Scheres, 2009) as well as responses to cold, light, or iron
homeostasis (Vlachonasios et al., 2003; Benhamed et al., 2006; Xing et al., 2015).
Histone acetyltransferases also play vital roles in plant resistance to the bacterial
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pathogen the P. syringae pv. tomato DC3000 (Pst DC3000) (Defraia et al., 2013; Wang
et al., 2013; Singh et al., 2014).
Mediator is a conserved multi-subunit protein complex that functions as a cofactor between transcription factors and RNA polymerase II (RNAPII) (Reeves and Hahn,
2003). Mediator activates or represses transcription through interaction with transcription
factors (An and Mou, 2013). Among 34 Mediator subunits identified in Arabidopsis, six
are implicated in plant immunity functions through jasmonic acid and ethylene (JA/ET)or salicylic acid (SA)-dependent defense pathways. For example, by interacting with
MYC2, MED25 induces JA signaling genes to enhance resistance to fungal pathogens
(Chen et al., 2012). MED16 regulates both JA/ET and SA pathways and contributes to
resistance to Botrytis cinerea (Zhang et al., 2012). Recent data show that MED21
interacts with the chromatin-modifying enzyme, HISTONE MONOUBIQUITINATION1
(HUB1), affecting plant resistance to fungal infection (Dhawan et al., 2009). MED18
functions as a co-activator or repressor modulating ABA responses, flowering time, and
plant defense through interactions with different transcription factors (Lai et al., 2014).
Interestingly, MED18 also modulates specific gene expression and histone methylation of
genes that function in pathogen and hormone responses (Lai et al., 2014). MED6 interacts
with MED25 or non-mediator proteins to form a complex that regulates EIN3/EIL1mediated pathway in iron homeostasis (Yang et al., 2014). Altogether, mediator subunits
form a complex with RNAPII and different transcription factors or cofactors to regulate
gene expression in hormone or defense signaling.
Arabidopsis HLS1 was previously implicated in the regulation of seedling
growth responses to ethylene. However, despite its high sequence similarity to histone
acetyltransferases, its molecular, biochemical and physiological functions are still poorly
understood. Here, we describe the functions of HLS1 in plant defense and the underlying
molecular mechanisms. The hls1 mutant displayed enhanced disease symptoms in
response to fungal and bacterial infections, accelerated senescence and impaired
responses to the plant hormone ABA, suggesting the critical role of HLS1 in regulating
these processes. The hls1 mutant expressed enhanced bacterial disease symptoms
regardless of the P. syringae pv. tomato (Pst) strain. By contrast, hls1 mutant supported
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increased bacterial growth when inoculated with Pst DC3000 (avrRpm1) with no increase
in bacterial growth when inoculated with virulent and non-pathogenic strains. Ectopic
expression of HLS1 enhanced resistance to B. cinerea, which was associated with B.
cinerea- or ABA-induced accumulation of HLS1 protein. In addition, HLS1 and MED18,
which are both required for seedling apical hook formation, responses to ABA, and
resistance to B. cinerea, physically interact. HLS1 recruits MED18 to the WRKY33 locus,
which then enhances transcriptional activation of WRKY33 in response to pathogens and
ABA. Interestingly, HLS1 modulates histone H3 acetylation at hormone- and pathogenresponse regulatory loci, ABI5 and WRKY33. ABA and B. cinerea enhance HLS1
transcriptional and posttranslational regulation and HLS1-mediated histone 3 acetylation
at target loci. Our results shed light on molecular mechanisms underlying the multiple
biological functions of HLS1 in plant hormone and defense responses.
2.3
2.3.1

Materials and methods

Plant materials and growth condition

Arabidopsis thaliana plants used in this study are in the Columbia-0 ecotype
(Col-0) background. Plants were grown in a growth chamber at 24°C, 70% relative
humidity, 110 to 130 μE m-2S-1 light intensity with a 12-hour light/12-hour dark cycle
unless stated otherwise. T-DNA insertion Arabidopsis mutants hls1-1 (SALK_009473),
hls1-2 (SALK_136528C) in the Col-0 background were obtained from the Arabidopsis
Biological Resource Center (ABRC) and confirmed by PCR to verify their T-DNA
insertion. HLS1 expression in hls1 mutant plants was confirmed in 3-day-old seedlings
compared to wild-type or transgenic plants by qPCR. Transgenic plants overexpressing
HLS1 tagged with HA under cauliflower mosaic virus 35S promoter were generated by
Agrobacterium-mediated transformation. Plants were screened on 1/2 strength Murashige
and Skoog (1/2 MS) medium supplemented with hygromycin or the herbicide basta.
Protein or mRNA levels of HLS1 were verified by western blotting analysis with antiHA-specific antibody or qPCR assays, respectively. Transgenic plants co-expressing
HLS1 and MED18 plants were generated by Agrobacterium-mediated transformation and
HLS1 and MED18 expression was detected by western blotting. Transgenic plants
overexpressing MED18-MYC or WRKY33-MYC in the hls1 mutant background were
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generated by Agrobacterium-mediated transformation and MED18 or WRKY33
transgenic plants were screened on 1/2 MS medium supplemented with basta and protein
expression was detected by western blotting.
2.3.2

Seed germination, dark-induced senescence, and disease assay

For seed germination assays, Arabidopsis mutant or transgenic seedlings were
germinated on 1/2 MS medium supplemented with different concentrations of ABA and
grown in a room at 22°C, 110 to 130 μE m-2S-1 light intensity with a 16-hour light/ 8-hour
dark cycle. For dark-induced senescence, comparable leaves from 4-week-old plants were
detached and placed in water-saturated plates and incubated in the dark. The total
chlorophyll content was measured by absorbance at 647 and 665 nm on NanoDrop 2000c
spectrophotometer (Thermo Scientific) (Bach and Lichtenthaler, 1983).
Fungal and bacterial disease assays were conducted as previously described
(Laluk et al., 2011). In brief, for the B. cinerea disease assay, four-week-old plants were
spray or drop inoculated with a conidial suspension (2.5 x105 spores /mL) in 1%
Sabouraud Maltose Broth and maintained under a transparent cover at high humidity. For
the Pseudomonas syringae disease assay, plants were infiltrated with the bacterial strains
and bacteria were extracted from inoculated leaves. The colony growth was determined
and expressed in colony forming units on King’s B medium supplemented with the
antibiotics rifampicin and kanamycin.
2.3.3

RNA extraction and quantitative RT-PCR (qPCR) assay

Total RNA was extracted from leaves or seedlings with Trizol reagent according
to the manufacturer’s instructions (Sigma-Aldrich). The procedures for RNase-free
DNase I treatment (Promega) and cDNA synthesis (New England Biolabs) from total
RNA were conducted following the manufacturer’s instructions. qPCR was performed
with SYBR green supermix reagents (Bio-Rad) using gene-specific primers
(Supplementary Table S1) and the Arabidopsis ACTIN2 gene as an internal reference for
normalization.
2.3.4

Co-immunoprecipitation (co-IP) assay

The co-IP was conducted following the previously described procedure (Lai et
al., 2014; Zhu et al., 2014). Briefly, the plasmids containing full length HLS1-HA and
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MED18-MYC driven by the cauliflower mosaic virus 35S promoter were generated and
transformed into Agrobacterium. The Agrobacterium strains were then infiltrated into
Nicotiana benthamiana. After 36 hours, total protein was extracted from infiltrated leaves
with extraction buffer (50 mM HEPES-OH pH7.5; 100 mM NaCl; 5 mM EDTA; 50 mM
EGTA; 25 mM NaF; 1 mM NaVO3; 50 mM β-glycerophosphate; 20% (v/v) glycerol; 1
mM PMSF; 0.1% (v/v) Triton X-100; 1 mM DTT; 1x protease inhibitor cocktail, SigmaAldrich). After removing debris by centrifugation at 12000g for 10 minutes, 1mL of
supernatant mixed with anti-HA antibody-conjugated agarose beads (Sigma-Aldrich) and
rotated overnight at 4°C. Then, beads with immunoprecipitates (IPs) were washed four
times with extraction buffer. IPs were detected by western blotting analysis with antiHA- (Covance) or anti-MYC- (Abcam) specific antibodies. A similar co-IP procedure
was employed in Arabidopsis plants expressing HLS1-HA and MED18-MYC.
2.3.5

Chromatin immunoprecipitation (ChIP)-qPCR assay

ChIP-qPCR assay was conducted as described previously with minor
modifications (Saleh et al., 2008). Briefly, chromatin complexes with proteins were
cross-linked and isolated from 4-week-old Arabidopsis plants. After sonication, proteincomplexes were precipitated with anti-HA (Abcam), anti-H3, anti-acetyl-H3, or antiacetyl-H4 (Millipore) antibody at 4°C overnight and then captured with salmon sperm
DNA/Protein A agarose (Millipore). Beads were washed, reverse cross-linked, and
proteins were digested prior to DNA purification. The immunoprecipitated DNA was
amplified with specific primers listed in Supplementary Table S1. ChIP enrichment was
normalized with input from a non-precipitated sample and ACTIN2 as an internal control.
Wild-type plants treated with the same procedure were used as a background control and
IgG was used for the immunoprecipitation control.
2.3.6

In vitro histone acetyltransferase (HAT) assay

The HAT assay was conducted as described (Qian et al., 2012). The full-length
HLS1 fused with glutathione-S-transferase (GST) was generated and purified in E.coli.
The GST-HLS1 recombinant proteins (5 μg), purified by glutathione Sepharose 4B beads
(GE Healthcare Life Science), were mixed with 10 μg of chicken core histones
(Millipore), 1 μCi of H3-acetyl-CoA (Perkin-Elmer Life Science) in HAT buffer
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containing 50 mM Tris-Cl pH8.0, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 10%
glycerol, 10 mM butyric acid, 1 mM PMSF, and incubated at 30°C for 2 hours. After
incubation, samples were run on 15% SDS-PAGE gel and the gel was fixed with 40%
methanol–10% acetic acid. The gel was treated with autoradiographic enhancer (PerkinElmer Life Science) and vacuum dried. The signals were detected after 2 weeks of
exposure at -80°C. The same amount of P300/CBP-associated factor (PCAF; Abcam)
with a known acetyltransferase activity was used as a positive control in parallel with
GST-HLS1 in the reaction.
2.3.7

Transcriptional activation assays

ABI5 or WRKY33 promoter region was fused with β–glucuronidase (GUS)
reporter gene to generate a transcriptional fusion. Two effector plasmids, HLS1-HA or
MED18-MYC, were generated and each co-transfected with the reporter construct into
~2x104 protoplasts isolated from 4-week-old Arabidopsis plants as described (Yoo et al.,
2007). Protoplasts were lysed in lysis buffer containing 50 mM phosphate buffer pH 7.0,
1 mM DTT, 2 mM DACTAA, 10% glycerol, and 1% TritonX-100. The lysate was mixed
with 4-methylumbelliferyl-β-D-glucuronide (MUG) substrate buffer (10 mM Tris-Cl
pH8.0, 1 mM MUG, and 2 mM MgCl2) and incubated at 37°C. The reaction was stopped
by adding 0.2 M Na2CO3 and the LUC substrates (Promega) were mixed with lysates.
GUS and LUC activities were detected with a VICTOR 3V Multilabel plate reader
(PerkinElmer). LUC reading was used as an internal control in each sample normalized to
GUS reading.
2.3.8

Accession numbers

HLS1 (AT4G37580), ABI5 (AT2G36270), MED18 (AT2G22370), ACT2
(AT3G18780), PR1 (AT2G14610), PDF1.2 (AT5G44420), RPM1 (AT3G07040), RIN4
(AT3G25070), SAG12 (AT5G45890), CAB1 (AT1G29930), WRKY53 (AT4G23810),
CYP79B3 (AT2G22330), PAD3 (AT3G26830), SUR2 (AT4G31500), WRKY33
(AT2G38470), ACS2 (AT1G01480), ACS6 (AT4G11280), ABI3 (AT3G24650), RD29a
(AT5G52310), KAT2 (AT2G33150), WRKY40 (AT1G80840), HY5 (AT5G11260).
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Table 2.1. List of primers
Gene Name

Sequence (5’ to 3’)

Molecular Cloning
HLS1-HA FP

GCTCTAGAATGACGGTGGTTAGAGAGTAC

HLS1-HA RP

TCCCCCGGGAAATTCTCTAGGGTCTACAA

HLS1- GFP FP

GAAGATCTATGGCGAGTTCGGAGGTTTCA

HLS1- GFP RP

GGGGTACCTTAAAATTCTCTAGGGTC

GST-HLS1 FP

CCGGAATTCATGACGGTGGTTAGAGAGTAC

GST-HLS1 RP

ATAGTTTAGCGGCCGCTTAAAATTCTCTAGGGTCTACA

HLS1-HA TM1 FP

GGGGTACCATGACGGTGGTTAGAGAGTA

HLS1-HA TM1 RP

CGACGTCGACAAATTCTCTAGGGTCTACAA

pWRKY33-GUS FP

GATCGCCGGCTTAACTATTAATGATTCTGG

pWRKY33-GUS RP

CCGGAATTCGTTTTATAAAAG ACCAATTTC

pABI5-GUS FP

TCCTGACCCAAACCGTACTC

pABI5p-GUS RP

AGGCAACAAGGAACACACGA

qRT-PCR
Bc ACTIN A qFP

ACTCATATGTTGGAGATGAAGCGCA

Bc ACTIN A qRP

AATGTTACCATACAAATCCTTACGGA

At ACTIN 2 qFP

GACCTTTAACTCTCCCGCTATG

At ACTIN 2 qRP

AAACCCTCGTAGATTGGCAC

PR1 qFP

TTCTTCCCTCGAAAGCTCAA

PR1 qRP

ACTTTGGCACATCCGAGTCT

RPM1 qFP

AGGGATTGATGCACCCAAGG

RPM1 qRP

CCTCCGCACACTTTGAGACT

RIN4 qFP

GGACGAGAACAACCCGTCAT

RIN4 qRP

TGTTGTTCGGGTTACGGGAG

PDF1.2 qFP

TGCTTCCATCATCACCCTTA

PDF1.2 qRP

CACTTGTGTGCTGGGAAGAC

CYP79B3 qFP

GGCACTCTCTGATACGACCG

CYP79B3 qRP

TTATCGCCGTACCTAACGCC
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Table 2.1. continued.
Gene Name

Sequence (5’ to 3’)

PAD3 qFP

AGAAGCAAGAGAACGATGGAG

PAD3 qRP

GGGAATGACCGAGCTGATC

SUR2 qFP

TTGTACGAGACGCAAGCACT

SUR2 qRP

TTGAGACGTGCACTGAGACC

WRKY33 qFP

AATGGTGGTGGAAGCAAGAC

WRKY33 qRP

CAGATGCTGCACAACAACA

ACS2 qFP

TCATGTTCTGCCTTGCGGAT

ACS2 qRP

CTTCCTCGTGACAAACCGGA

ACS6 qFP

AAGCTCAACGTGTCTCCAGG

ACS6 qRP

GTTGTTGCAGCCATCGGTTT

ABI3 qFP

GTAAGACAACCGAGCGGACA

ABI3 qRP

TAACTCTCCGTCGGCGAATG

RD29a qFP

TCGCCACATTCTGTTGAAGAGGCT

RD29a qRP

TGGAGCCAAGTGATTGTGGAGACT

KAT2 qFP

TGCACA AGCGCAGAATTGTC

KAT2 qRP

TTGCTCCTGCCTTGAGACAC

WRKY40 qFP

AACCGCCACATCTCTCATGG

WRKY40 qRP

TCGATTCTTGACGTTGGGCT

HY5 qFP

CTGAAGAACACAACAGGAAACAAG

HY5 qRP

TTGCAATATTAGCTCTCACATCCC

HLS1 qFP

CACGGTTATCAAGTTAGAGC

HLS1 qRP

GAAAGTCCCAAGCGAGA

ChIP-qPCR
WRKY33 Pro FP

TTTTTGAGCAAGAGCCAAGAAT

WRKY33 Pro RP

GGCTCAATGCTTTCATCATCTT

WRKY33 TATA FP

TTTTCTTCTTCTCCAAGCCCCC

WRKY33 TATA RP

TGGTCACAACAATCCGGAAGAA

WRKY33 3’CDS FP

GAGCACCACAGGATTCGTCT
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Table 2.1. continued.
Gene Name

Sequence (5’ to 3’)

WRKY33 3’CDS RP

GGGCCTTTTGGTTACGCCAT

RPM1 TATA FP

GTGGCAGGCATGTAAGGTGT

RPM1 TATA RP

AGTAGCCGAAGCCATCTTCC

RPM1 3’CDS FP

TGTCAGGGCTTGTAGAGGGT

RPM1 3’CDS RP

TTCTCCGCGAATGCGTTCTA

ABI5 ABS FP

CTCCGGCGGCTTTTAAACTATGT

ABI5 ABS RP

TTATTTAACAGTCTTCTAATCCAAGATC

ABI5 TATA FP

TGTTGACCTTCACGCCTCTC

ABI5 TATA RP

AAAGCCGCCGGAGAATTTTG

ABI5 3’CDS FP

TCGGAGACAGAACGAGGGAA

ABI5 3’CDS RP

GGTGTTCCTCCTACCAACACA

ACT2 TATA FP

TGTAACACGCGGATCGAGCA

ACT2 TATA RP

AACGTGACCTGGCTGTCAGA

Genomic DNA PCR
SALK T-DNA

TTGATTTGGGTGATGGTTCA

SAIL T-DNA

TAGCATCTGAATTTCATAACCAATCTCGATACAC

hls1-1 LP

GGTTTGGCCACAAAGAAAAAG

hls1-1 RP

TATTCGGAGTTTCGTACACCG

hls1-2 LP

CATGAACTACTCGCCTTCTCC

hls1-2 RP

GAGCTTAAACCCAATCCCTTG
2.4

2.4.1

Results

Arabidopsis HLS1 mediates responses to fungal and bacterial pathogens

We recently described Arabidopsis med18 mutant, which displays enhanced
susceptibility to the necrotrophic fungal plant pathogen Botrytis cinerea and hookless
phenotype in seedlings (Lai et al., 2014). The hookless phenotype in the med18 mutant is
an altered seedling apical hook formation in response to ethylene and is associated with
impaired defense responses in adult plants. Due to the potential link between defense and
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the hookless phenotypes, the Arabidopsis hookless1 (hls1) mutant was tested for altered
defense responses. Two Arabidopsis T-DNA insertion alleles of HLS1 (hls1-1, SALK136528c; hls1-2, SLAK-009473) displayed increased susceptibility to B. cinerea with
larger disease lesions, enhanced necrosis and chlorosis compared to the wild type Col-0
plants (Figures 2.1.A-C). More fungal biomass accumulated in the hls1 mutant as
measured by quantitative PCR amplification of the constitutive B. cinerea ActinA DNA,
confirming the role of HLS1 in suppressing fungal growth in infected plants (Figure
2.1.D).

Figure 2.1. Arabidopsis HLS1 mediates responses to fungal and bacterial pathogens.
(A) Schematic diagrams showing T-DNA insertion alleles of the HLS1 gene. HLS1 gene
and T-DNA insertions are shown in the hls1 mutant alleles. Black and white squares
are exon and untranslated regions, respectively.
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(B) B. cinerea disease symptoms showing susceptibility of hls1 mutant and
(C) Disease lesion size in the wild type and hls1 mutants. The data represent mean values
± SD from (n=36).
(D) Enhanced B. cinerea growth in hls1 mutant as measured by qPCR. Fungal growth
was determined by qPCR amplification of B. cinerea ActinA gene relative to
Arabidopsis ACTIN2 gene. The data represent mean values ± SE (n=3).
(E) Enhanced disease symptoms in hls1 mutant after inoculation with Pst strain.
Inoculated leaves were detached for photographing at 3 days after inoculation. Plants
were infiltrated with a bacterial suspension (OD600 = 0.0005, ~2.5 x 105 CFU/mL).
(F) Bacterial growth in the wild type and hls1 mutants showing altered responses to
bacterial infection. Bacterial growth is expressed in colony-forming units per mg
fresh weight (CFU/mg FW). The data represent mean values ± SD (n=24). In (C, D,
F), the mean values with statistically significant differences are indicated by asterisks
(ANOVA test: **P<0.01; ***P<0.001). The experiment was repeated three time
with similar results. WT, wild type; Pst, Pseudomonas syringae pv. tomato.

To test the role of HLS1 in bacterial resistance, hls1 mutant plants were
infiltrated with different Pst DC3000 strains. Regardless of the strain, hls1 mutant
displayed enhanced disease symptoms, composed primarily of chlorotic lesions (Figure
2.1.E). Response of hls1 mutants to the non-pathogenic strain of Pst DC3000 hrcC- was
comparable to wild-type plants. The Pst DC3000 hrcC- is defective in type-three
secretion system but retains PAMP molecules through which it is able to activate PAMPTriggered Immunity (PTI). The hls1 mutant supported a level of bacterial growth
comparable to that in wild-type plants after inoculation with the virulent bacterial strain
Pst DC3000 (Figure 2.1.F). By contrast, inoculation with an avirulent bacterial strain Pst
DC3000 (avrRpm1) resulted in significantly more bacterial growth in the hls1 mutants
than the wild-type plants. Thus, HLS1 suppresses disease symptom expression regardless
of the bacterial strain but also is required to limit growth of Pst DC3000 (avrRpm1),
suggesting that HLS1 modulates some specific ETI responses.
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2.4.2

HLS1-regulated plant immunity is partially associated with senescence

The hls1 mutant plants displayed enhanced disease symptoms independent of
increased pathogen growth and they flowered earlier than the wild-type regardless of the
duration of light. Interestingly, senescence-like responses occurred in systemic (noninoculated) leaves of hls1 plants when lower leaves were drop-inoculated with B. cinerea
(Figure 2.2.A). The phenotype of leaf senescence was induced in hls1 mutants inoculated
with B. cinerea. The hls1 mutant displayed increased senescence as measured by total
chlorophyll content (Figure 2.2.B). To investigate the molecular functions of HLS1 in
pathogen-induced leaf senescence, the expression of senescence marker genes
SENESCENCE-ASSOICATED GENE 12 (SAG12), CHLOROPHYLL a/b- BINDING
PROTEIN 1 (CAB1) and WRKY53 were analyzed by quantitative RT-PCR (qRT-PCR).
The expression of SAG12 was significantly higher in the hls1 mutant than in the wildtype plants (Figure 2.2.C). By contrast, the expression of the subunit of light-harvesting
complex II, CAB1, was not affected in hls1, indicating that B. cinerea-induced
senescence in hls1 is not associated with defects in photosynthesis. WRKY53 gene is a
positive regulator of senescence (Miao and Zentgraf, 2007; Murray et al., 2007). The
expression of WRKY53 was suppressed in non-infected and infected leaves of the hls1
mutant, implying that HLS1 regulates WRKY53. Thus, HLS1 is required to restrict the
development of disease symptoms and leaf senescence. Together, the data suggest that
HLS1 mediates crosstalk between senescence and pathogen responses.
Expression of senescence-associated genes SAG12, CAB1 and WRKY53 in
response to B. cinerea. The data represent mean values ± SE (n=3). Relative gene
expression is normalized to Arabidopsis ACTIN2 gene (ACT2). The wild-type plants at 0
hour after B. cinerea inoculation was set to 1. Statistically significant differences are
indicated by different letters (least squares means post hoc test: P<0.05). The experiments
were repeated at leas
2.4.3

HLS1 regulates expression of defense related genes

To gain insight into the molecular function of HLS1 in plant defense responses,
the expression of immune response marker genes was studied. PLANT DEFENSIN1.2
(PDF1.2) is a well-known defense related gene induced by fungal infection in JA/ET
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Figure 2.2. Accelerated pathogen-induced leaf senescence in the hls1 mutant.
(A) Enhanced systemic leaf senescence and extensive chlorosis are induced by B. cinerea
in the hls1 mutant. Leaf senescence is observed on non-inoculated systemic leaves of
the hls1 mutant after inoculation of lower leaves with B. cinerea. The photo was
taken 10 days after inoculation.
(B) Chlorophyll content in plants showing senescence-like symptoms at 4 days after
inoculation with B. cinerea. The data represent mean values ± SD from (n=5). The
experiment was repeated two times with similar results. Statistically significant
differences are marked with an asterisk (ANOVA test: *P<0.05).
Expression of senescence-associated genes SAG12, CAB1 and WRKY53 in response to B.
cinerea. The data represent mean values ± SE (n=3). Relative gene expression is
normalized to Arabidopsis ACTIN2 gene (ACT2). The wild-type plants at 0 hour after B.
cinerea inoculation was set to 1. Statistically significant differences are indicated by
different letters (least squares means post hoc test: P<0.05). The experiments were
repeated at least two times with similar results. WT, wild type.

dependent pathways (Penninckx et al., 1998). The expression of PDF1.2 was
significantly increased in the hls1 mutant after B. cinerea infection (Figure 2.2). By
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contrast, PATHOGENESIS-RELATED PROTEIN 1 (PR1) was increased in hls1 mutant
after Pst DC3000 (avrRpm1) infiltration. The expression of PR1 correlates with
activation of the salicylic acid (SA) pathway that mediates responses to Pst (Delaney et
al., 1994), implying HLS1-mediated Pst resistance is unlikely to be due to loss of SAmediated defense pathway but rather due to the increase in SA level in response to
increased bacterial growth in the hls1 mutant (Figure 2.3). The R-gene, P. syringae pv.
maculicola 1 (RPM1) and RPM1-interacting protein 4 (RIN4) are positive and negative
regulators of resistance to Pst DC3000 (avrRpm1), respectively. However, the expression
of the RPM1 was reduced and RIN4 expression was increased after Pst DC3000
(avrRpm1) inoculation in the hls1 mutant. Altogether, a distinct regulation of RPM1 and
RIN4 expression by HLS1 results in the resistance to Pst DC3000 (avrRpm1).

Figure 2.3. HLS1 regulates expression of defense genes responding to pathogens.
The expression of defense genes PDF1.2 after inoculation with B. cinerea and PR1,
RPM1 and RIN4 after inoculation with Pst DC3000 (avrRpm1). The gene expression in
wild type at 0 hour after inoculation is set to 1. Statistically significant differences are
marked by different letters (least squares means post hoc test: P<0.05). WT, wild-type.

Based on genetic evidence, HLS1 is predicted to function at the boundary
between ethylene and auxin pathways (Li et al., 2004). Therefore, we tested the
expression of genes in auxin perception, signaling and transport, which also affect plant
immunity (Kazan and Manners, 2009). The expression of CYP79B3, encoding an enzyme
which catalyzes the conversion from tryptophan to indole-3-acetaldoxime (IAOx), a
precursor of camalexin and Indole-glucosinolate (IG). CYP79B3 expression was reduced
in the hls1 mutant (Figure 2.4.A). IG also contributes to fungal resistance and SUR2 is
required for conversion of IAOx to IG. The expression of SUR2 displayed no difference
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between wild-type and the hls1 mutant in response to B. cinerea (Figure 2.4.A).
PHYTOALEXIN DEFICIENT 3 (PAD3) is an enzyme required for camalexin
biosynthesis and widely known to contribute to fungal resistance (Zhou et al., 1999).
PAD3 expression was significantly reduced in the hls1 mutant consistent with the
susceptibility of the hls1 mutant to fungal infection (Figure 2.4.A) (Petersen et al., 2008).
The transcription factor WRKY33 is known to regulate expression of camalexin
biosynthesis genes, including PAD3 and CYP79B3 (Zheng et al., 2006; Mao et al., 2011).
Pathogen-induced WRKY33 expression was attenuated in the hls1 mutant (Figure 2.4.B).
The ACS2 and ACS6 genes that function in the WRKY33-regulated ethylene biosynthesis
pathway also showed reduced expression in the hls1 mutant after B. cinerea inoculation
(Figure 2.4.B). The results further confirm the effects of HLS1 on WRKY33-regulated
pathway. These gene expression data indicate that HLS1 regulates WRKY33 to modulate
the expression of downstream genes.

Figure 2.4. HLS1 regulates expression of genes in different plant pathways.
(A) Phytoalexin and glucosinolate biosynthesis genes CYP79B3, PAD3, and SUR2 in B.
cinerea inoculated plants.
(B) Transcription factor WRKY33 and ethylene biosynthesis genes ACS2 and ACS6 in
response to B. cinerea.
In (A, B), relative gene expression is normalized to Arabidopsis ACTIN2 gene (ACT2).
The data represent mean values ± SE (n=3) from at least two independent experiments.
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The gene expression in wild type at 0 hour after inoculation is set to 1. Statistically
significant differences are marked by different letters (least squares means post hoc test:
P<0.05). WT, wild-type.

2.4.4

HLS1 is a nuclear protein that associates with WRKY33

HLS1 is a putative GCN5 acetyltransferase based on amino acid sequence
alignment to other known acetyltransferases but its molecular function has not been
determined (Lehman et al., 1996). Epitope-tagged HLS1 localized to the nucleus in
Arabidopsis

protoplasts

consistent

with

its

potential

function

as

a

histone

acetyltransferase (Figure 2.5).

Figure 2.5. Subcellular localization of HLS1.
HLS1 is localized to the nucleus. A plasmid expressing HLS1 fused with GFP
under the control of the CaMV 35S promoter was transfected into Arabidopsis
protoplasts. The fluorescent signals are observed under epi-fluorescent microscope. The
red signal is auto-fluorescence from chloroplasts and the green signal is GFP expression.
The merged image is an overlap of GFP and auto-fluorescence channels. GFP: green
fluorescent protein.

To determine whether HLS1-dependent expression of target genes is through
direct association with target genes, the recruitment of HLS1 to specific genes was tested
by chromatin immunoprecipitation-qPCR (ChIP-qPCR) experiments with transgenic
plants that express hemagglutinin (HA)-tagged HLS1 under the control of the CaMV
35S promoter (HLS1-HA). WRKY33 is a potential target of HLS1 due to the loss of basal
and induced WRKY33 expression in the hls1 mutant. HLS1 associated with the

54
transcription start site (TSS) and 3’-coding (CDS) regions of WRKY33 as revealed by the
precipitation of HLS1 and WRKY33 protein-DNA complex (Figure 2.6.A). Interestingly,
the association between HLS1 and WRKY33 was enriched after B. cinerea inoculation
consistent with their functions in regulating responses to pathogens (Figure 2.6.B). Thus,
HLS1 directly regulates WRKY33 expression through association with its regulatory
regions. However, HLS1-HA failed to associate with the TSS or CDS region of the
RPM1 gene despite the reduced expression of RPM1 in the hls1 mutant (Figure 2.7).
Hence, the effect of HLS1 on RPM1 expression and its role in Pst DC3000 (avrRpm1)
resistance appear to be indirect.

Figure 2.6. HLS1 association with WRKY33 gene.
(A) HLS1 associates with the WRKY33 gene. The upper panel shows a schematic diagram
of the genomic structure of the WRKY33 gene. The association of HLS1 in the wild
type with WRKY33 is set to 1 as a background control. Statistically significant
differences are indicated by asterisks (Student’s t test: ***P<0.001; **P<0.01). Black
squares and +1 represent exons and the transcription start site for WRKY33 gene,
respectively. The short black bars represent qPCR amplicons in different regions on
the WRKY33 gene.
(B) HLS1 association with the WRKY33 is enhanced by inoculation with B. cinerea. The
association of wild type with the WRKY33 gene under mock treatment is set to 1 as a
background control. Statistically significant differences are marked by different
letters (least squares means post hoc test: P<0.05).
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In the ChIP-qPCR assay (A-B), the chromatin and protein complexes were prepared from
Arabidopsis wild-type and HLS1-HA overexpressing plants after B. cinerea. The anti-HA
antibody was used for immunoprecipitation (IP) step and IgG antibody was used as a
negative control for IP. The ACT2 gene represented an internal control for qPCR. The
data represent mean values ± SE (n=3). The experiment was repeated three times with
similar results. WT: wild type, HLS1-HA: HLS1-tagged HA epitope driven by 35S
promoter, Pro: promoter region, TSS: transcriptional start site, CDS: 3’-coding DNA
sequence region, Mock: treated with 1% Sabouraud Maltose Broth, B.c.: B. cinerea
inoculation.

Figure 2.7. HLS1 protein is not associated with resistance gene RPM1.
Samples were collected from WT and overexpressing HLS plants for ChIP-qPCR assay.
TSS and CDS regions of RPM1 were tested and the association of protein from wild-type
with RPM1 is set to 1 as a background control. The experiment was repeated two times
with similar results. The data represent mean values ± SE (n=3). TSS: transcriptional start
site; CDS: 3’-coding DNA sequence region.

2.4.5

HLS1 mediates histone acetylation on WRKY33 chromatin

Previously, Arabidopsis HLS1 was studied in connection with plant growth but
its biochemical function was not determined. In light of the predicted HAT functions of
HLS1, we tested the acetyltransferase activity (HAT) of recombinant HLS1 protein
tagged

with

glutathione-S-transferase

(GST-HLS1)

purified

from

E.

coli.

Autoradiographs labeled with tritium of the acetyl group revealed no detectable histone
acetyltransferase activity from recombinant HLS1 protein when core histones were
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supplied as substrates (Figure 2.8.A). The control reaction with the P300/CBP-associated
factor (PCAF), a protein with known HAT activity, clearly acetylated histones. Global
histone H3 and H4 acetylation were analyzed in hls1 mutants to clarify the impact of
HLS1 on this process in vivo. There were no significant differences in the levels of global
histone acetylation in the hls1 mutant before of after inoculation with B. cinerea (Figure
2.8.B).
The histone acetylation at chromatin of the WRKY33 locus was tested in the hls1
mutant with antibodies that recognize acetylated histones (AcH3 and AcH4).
Interestingly, the histone H3 acetylation at WRKY33 chromatin was reduced significantly
in the hls1 mutant relative to the wild type (Figure 2.8.C). However, histone H4
acetylation at WRKY33 promoter region was increased significantly relative to other
regions that show no difference between wild-type and the hls1 mutant. The results
suggest that WRKY33 chromatin is mainly acetylated by HLS1 on histone H3 (Figure
2.8.D). To eliminate the possibility that the reduction of histone H3 acetylation in the
hls1 mutant results from the loss of histone H3 occupancy, we normalized the histone H3
acetylation to total histone H3 on WRKY33 TSS region. The significantly increased
histone H3 acetylation in wild-type plants correlated with WRKY33 induction triggered
by B. cinerea (Figure 2.4.B., 2.8.E). Interestingly, the increased histone H3 acetylation
level in wild-type plants was suppressed in the hls1 mutant. By contrast, histone H3
acetylation in the HLS1-overexpressing plants was enriched significantly more than in
wild-type plants (Figure 2.8.E). These results demonstrate that the regulatory impact of
HLS1 on WRKY33 gene expression is mediated through histone H3 acetylation. To
determine the biological function of this regulation, transgenic plants overexpressing
WRKY33 in a hls1 mutant background were tested for their responses to B. cinerea.
WRKY33 rescued the B. cinerea susceptibility of hls1 mutant to wild-type levels (Figure
2.8.F), suggesting that WRKY33 is a direct target of HLS1 during plant responses to
pathogens.
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Figure 2.8. HLS1 modulates histone H3 acetylation on WRKY33 chromatin
(A) Histone acetyltransferase activity assay with recombinant GST-HLS1. The
recombinant protein expressing full-length HLS1 tagged with glutathione-Stransferase (GST-HLS1) was produced in E.coli and affinity purified. The
recombinant acetyltransferase P300/CBP-associated factor (PCAF) protein was used
as a positive control in the HAT assay. The chicken core histone used as substrate
was obtained from Millipore. The recombinant GST-HLS1 protein run on 15% SDSPAGE gel and stained with Coomassie blue is shown as a loading control (leaf panel).
The H3-labelled acetyl-coA was detected on acetylated histones by autoradiography.
The autoradiograph shows that PCAF, but not HLS1, transferred acetyl groups
labeled with H3 from acetyl-coA to core histones.
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(B) Global H3 and H4 acetylations are not altered in hls1 mutant plants. Histone proteins
were extracted from plants inoculated with B. cinerea. The global histone H3, acetylhistone H3, histone H4, and acetyl-histone H4 accumulations were detected using
specific antibodies as indicated. The signals on western blot were quantified by Image
J software and numbers are shown corresponding to each lane on the blot.
(C) ChIP-qPCR showing histone H3 and
(D) H4 acetylation at WRKY33 chromatin. ChIP-qPCR was performed using antibodies
that recognize acetylated histone H3 or H4. The different regions of WRKY33 were
amplified by qPCR. The enrichment of WRKY33 in wild-type plants was set to 1 as a
background control in ChIP-qPCR assay. The data represent mean values ± SE (n=3).
Statistically significant differences are indicated by asterisks (Student’s t test:
*P<0.05; **P<0.01).
(E) Histone H3 acetylation at WRKY33 chromatin is enhanced in B. cinerea inoculated
plants. The chromatin complexes were collected from wild type, hls1 mutant, and
HLS1-HA plants at 0 or 24 hour after B. cinerea inoculation. The H3 acetylation
status is normalized with histone H3 from each sample. The enrichment of WRKY33
in wild type at 0 hour is set to 1 as a background control in the assay. The data
represent mean values ± SE (n=3). Statistically significant differences are marked by
different letters (least squares means post hoc test: P<0.05).
(F) Overexpression of WRKY33 restored the disease susceptibility of the hls1 mutant to
wild-type levels. The data represent mean disease lesion size ± SE (n=12). The
statistical significance of the values is indicated by asterisks (ANOVA test:
***P<0.001). The experiment was repeated at least two times with similar results.
WT: wild type; Pro: promoter region, TSS: transcriptional start site, CDS: 3’-coding
DNA sequence region, ACT2: ACTIN2 gene; WRKY33; hls1: overexpressing WRKY33
in hls1 mutant background.
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2.4.6

HLS1 mediates responses to ABA through direct association and histone
acetylation of ABI5

To determine whether the functional overlap between MED18 and HLS1
extends to other biological functions, the role of HLS1 in response to ABA was tested in
seedling germination and growth assays. The role of MED18 in plant response to ABA
has been studied previously (Lai et al., 2014). In the presence of 0.5 or 1µM ABA, the
germination of wild-type seedlings was reduced, but med18 and hls1 mutants were less
affected, exhibiting insensitivity to ABA similar to the abi5 mutant used as a positive
control (Figure 2.9.A., B). By contrast, transgenic seedlings expressing HLS1-HA were
hypersensitive to ABA relative to the wild-type plants. In addition, HLS1 expression was
induced by ABA treatment (Figure 2.9.C), confirming that HLS1 is positively regulated
by ABA and contributes to ABA response.

Figure 2.9. HLS1 is responses to ABA.
(A) HLS1 is required for ABA responses as measured by seed germination assay on
ABA-containing media. The data represent mean values ± SD (n=30) and the
statistically significant difference is indicated by an asterisk (ANOVA test: *P<0.05).
(B) Seed germination and seedling growth on media supplemented with ABA.
(C) Expression of HLS1 is induced by ABA. The data represent mean values ± SE (n=3)
from three independent biological replicates and the statistically significant
differences are indicated by asterisks (ANOVA test: **P<0.01: ***P<0.001).
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To assess the impact of HLS1 on the ABA response pathway at the molecular
level, the expression of genes involved in the ABA response pathway was examined.
Expression of WRKY40, RD29a, HY5, ABI3, and ABI5 genes that are involved in the
ABA signaling pathway were attenuated in the hls1 mutant in response to ABA (Figure
2.10). Among these, the transcription factor, ELONGATED HYPOCOTYL 5 (HY5),
participates in light and strigolactone-dependent seed germination and activates ABI5
expression through direct binding to ABI5 promoter region (Chen et al., 2008; Toh et al.,
2012). Responsive to desiccation 29A (RD29A) is a widely used marker gene for abiotic
stress and ABA responses (Shinozaki and Yamaguchi-Shinozaki, 2007). Collectively, the
gene expression data, suggest that HLS1-mediated ABA signaling contributes to
resistance to B. cinerea. The consistent reduction of the expression of many ABA
responsive genes in hls1 mutant strongly suggested the role of HLS1 in ABA response
pathway. Interestingly, HLS1 directly associated with the ABI5 gene, particularly with
the TSS and CDS regions, but the region for a transcription factor ABI4 recruitment
(ABI4-binding site; ABS) remained at background level (Figure 2.11). Thus, ABI5
expression is directly regulated by HLS1 similar to our previous observation showing
MED18 directly regulates ABI5 expression (Figure 2.12.A) (Lai et al., 2014). However,
the recruitment of HLS1 to ABI5 promoter was not enhanced by B. cinerea (Figure
2.12.B), which suggests that HLS1 association with ABI5 is not directly related to plant
defense against B. cinerea. ChIP-qPCR experiments with AcH3 antibody revealed that
the hls1 mutant has significantly reduced AcH3 levels at ABI5 TSS and CDS regions,
whereas the Arabidopsis ACTIN2 gene used as a control was expressed at the same levels
in hls1 and wild-type plants (Figure 2.13), suggesting that HLS1 is required for histone
H3 acetylation. Therefore, we concluded that HLS1-mediated ABI5 expression correlates
with the HLS1-dependent histone H3 acetylation.
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Figure 2.10. HLS1 is required for ABA-induced expression of ABA response and
regulatory genes.
The expression of ABA response genes in the wild type after mock inoculation is set to 1.
The data represents mean values ± SE (n=3) from three independent experiments and
statistically significant differences are indicated by different letters (least squares means
post hoc test: P<0.05).

Figure 2.11. HLS1 associates with ABI5 locus.
Schematic diagram showing the genomic structure of ABI5. HLS1 associates with TSS
and CDS regions on the ABI5 gene. The association of WT with ABI5 gene is set to 1 as a
background control. The data represent mean values ± SE (n=3) from three independent
biological replicates. The statistically significant difference is indicated by asterisks
(Student’s t test: *P<0.05; **P<0.01). WT: wild type, HLS1-HA: HLS1 tagged HA
epitope driven by CaMV 35S promoter, ABS: ABI4 binding region, TSS: transcriptional
start site, CDS: 3’-coding DNA sequence region.
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Figure 2.12. The recruitment of HLS1 protein to the ABI5 locus is not enhanced by ABA
or pathogen.
(A) ABI5 induction is modulated in hls1 mutant after inoculation with B. cinerea. The
expression of ABI5 in WT is set to 1. The statistically significant difference is indicated
by different letters (least squares means post hoc test: P<0.05).
(B) HLS1 is unable to enhance the association of ABI5 gene after inoculation with B.
cinerea or treatment with ABA. The association of 35S:HLS1-HA with ABI5 under mock
treatment is set to 1 as a background control in ChIP-qPCR assay. The data represent
mean values ± SE (n=3). TSS: transcription start site; CDS: 3’-coding DNA sequence
region.

Figure 2.13. Histone H3 acetylation at ABI5 chromatin is reduced in hls1 mutant.
Histone H3 acetylation at ABI5 chromatin is reduced in the hls1 mutant. The histone H3
acetylation levels in wild type are set to 1 as a background control. The data represent
mean values ± SE (n=3) from three independent biological replicates. The statistically
significant difference is indicated by asterisks (Student’s t test: *P<0.05; **P<0.01). WT:
wild type, TSS: transcriptional start site, CDS: 3’-coding DNA sequence region, ACT2:
ACTIN2 gene.
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2.4.7

Functional and molecular convergence of HLS1 and MED18 on target genes
ABI5 and WRKY33
Due to the overlapping biological functions of HLS1 and MED18, we tested

their physical interactions by co-immunoprecipitation (co-IP) assays. MED18-MYC
precipitated with HLS1-HA in Nicotiana benthamiana after transient co-expression,
suggesting their presence in the same complex (Figure 2.14.A). MED18-MYC
immunoprecipitated with HLS1-HA but not with the empty vector expressing MYC
alone. The interaction was confirmed in transgenic Arabidopsis plants co-expressing
MED18-MYC and HLS1-HA (Figure 2.14.B). Our current and previous data
demonstrated that HLS1 and MED18 are required for responses to ABA and that both
proteins associate with the ABI5 gene (Figure 2.13.A, B; Lai et al., 2014).

Figure 2.14. Molecular interaction between MED18 and HLS1.
(A) Interaction between MED18 and HLS1 in co-IP assay in Nicotiana benthamiana, and
(B) Transgenic Arabidopsis plants. In (A) HLS1-HA was transiently co-expressed with
MED18-MYC by agro-infiltration in N. benthamiana leaves. The empty vector
expressing MYC was used as a negative control. In (B) Transgenic Arabidopsis
plants stably expressing HLS1-HA and MED18-MYC were used in the co-IP assays.
Anti-HA beads were used to precipitate HLS1-HA protein. Anti-HA (α-HA) and antiMYC (α-MYC) antibodies were used to detect protein accumulation in input or
immunoprecipitated (IP) samples.
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To confirm their functional interdependence, the HLS1-HA and MED18-MYC
plasmids were transfected together with a reporter construct, ABI5 promoter fused with
β–glucuronidase (GUS) (pABI5::GUS) into protoplasts. HLS1-HA or MED18-MYC
induced ABI5-GUS expression in protoplast transactivation assay (Figure 2.15).
Furthermore, ABI5-GUS accumulation significantly increased when MED18-HA and
HLS1-MYC were co-expressed, suggesting their synergistic action on ABI5 expression.
Similarly, the synergistic action of HLS1 and MED18 on WRKY33 expression was
determined in parallel protoplast transactivation experiments (Figure 2.15). Transient
HLS1 expression enhanced WRKY33-GUS accumulation, confirming the regulatory role
of HLS1 on WRKY33 expression (Figure 2.15).

Figure 2.15. Synergistic action of HLS1 and MED18 in the regulation of ABI5 or
WRKY33 expression.
The schematic diagram shows plasmid constructs used in transcriptional activation assay.
The CaMV 35S promoter driving the luciferase reporter gene (35S::LUC) and the
WRKY33 or ABI5 promoter fused with β-glucuronidase (GUS) reporter gene
(pWRKY33/pABI5::GUS) are used as an internal control and a reporter, respectively.
35S promoter driving expression of HLS1 tagged with HA (HLS1-HA) is used as an
effector. The bar graphs show the mean relative GUS activity from expression of the
various plasmids depicted in the schematic. The mean values from protoplasts transfected
with empty vector (EV), pWRKY33/pABI5::GUS and 35S::LUC were set to 1 as an
internal control. The GUS signal is normalized with the LUC signal. The data represent
mean values ± SE (n=3) from two independent biological replicates and statistically
significant differences are indicated by different letters (least squares means post hoc test:
P<0.05).
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However, MED18 failed to activate WRKY33 gene expression when expressed
alone. Interestingly, MED18 enhanced expression of WRKY33 when co-expressed with
HLS1 in protoplasts, suggesting it enhances the function of HLS1 on transcriptional
regulation of WRKY33 (Figure 2.15). qRT-PCR data indicated that the B. cinerea-induced
WRKY33 expression is reduced in the hls1 mutant and in MED18-MYC; hls1 transgenic
plants comparable to the hls1 mutant, implying that MED18-mediated expression of
WRKY33 induction requires HLS1 (Figure 2.16.A). In addition, ChIP-qPCR assay further
confirmed that MED18-MYC was associated with WRKY33 TSS and 3’CDS regions
after B. cinerea inoculation, but this association was lost in the absence of HLS1 (Figure
2.16.B). However, disease assays on MED18-MYC; hls1 transgenic plants revealed that
MED18-MYC rescued the B. cinerea susceptibility of the hls1 mutant to wild-type levels,
suggesting that MED18-mediated plant immunity is partially independent of HLS1
(Figure 2.16.C). The expression of LOCUS OF INSENSITIVITY TO VICTORIN (LIV1,
TRX-h5), a defense-associated thioredoxin and direct target for the victorin toxin (Lorang
et al., 2012), was elevated in the med18 mutant, which contributes to its susceptibility
(Lai et al., 2014). TRX-h5 expression is reduced in MED18 overexpression plants with a
similar pattern of expression in MED18-MYC; hls1 and MED18-MYC; HLS1 plants,
demonstrating that MED18-modulating plant defense may be HLS1-independent (Figure
2.17). In sum, our data suggest that HLS1 and MED18 co-regulate WRKY33 and ABI5
genes. Interestingly, MED18-mediated plant resistance appears to be partially dependent
on HLS1 function.
2.4.8

ABA induced HLS1 accumulation enhances resistance to B. cinerea

To test whether overexpression of HLS1 is sufficient for resistance to B. cinerea,
we generated transgenic Arabidopsis plants. Two independent HLS1-HA transgenic lines
with increased HLS1 expression were selected (Figure 2.18.A). The transgenic plants
showed enhanced resistance to B. cinerea as well as an exaggerated hook in seedlings
germinated in the dark consistent with previous reports (Lehman et al., 1996) (Figure
2.18.B., C). The transgenic plants also displayed delayed flowering (Figure 2.18.D).
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Figure 2.16. HLS1 is required for MED18 association with WRKY33 gene.
(A) MED18-mediated WRKY33 expression is dependent on HLS1. Relative gene
expression is normalized to ACT2. The relative expression in wild-type plants at 0
hour is set to 1.
(B) MED18 recruitment to transcription start site and 3’-coding regions of WRKY33 is
enhanced by inoculation with B. cinerea in an HLS1-dependent manner. The
enrichment of the WRKY33 gene in wild type at 0 hour is set to 1 as a background
control in the ChIP-qPCR assay.
(C) Ectopic expression of MED18 rescues disease phenotype of hls1 mutant. The disease
lesion size was determined after drop inoculation with B. cinerea. The data represent
mean values ± SE (n=20). Statistically significant differences are indicated by
asterisks compared to wild type plants (Student’s t test: *P<0.05; ***P<0.001).
In (A, B), the data represent mean values ± SE (n=3) and the statistically significant
differences are marked by different letters (least squares means post hoc test: P<0.05).
HLS1: HLS1 tagged with HA, MED18: MED18 tagged with MYC, MED18; WT:
overexpressing MED18 in wild type background, MED18; hls1: overexpressing MED18
in hls1 mutant background.
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Figure 2.17. MED18-mediated plant resistance through TRX-h5 regulation is HLS1independent.
TRX-h5 is regulated to respond B. cinerea inoculation. The expression is reduced and the
pattern is similar between transgenic plants overexpressing MED18 in a wild type or hls1
mutant background. Gene expression in wild-type plants at 0 hour is set to 1. The data
represent mean values ± SE (n=3) and the statistically significant differences are
indicated by asterisks (Student t test: *P<0.05, **P<0.01).

Figure 2.18. The phenotypes of overexpressing HLS1 in Arabidopsis.
(A) HLS1 expression in wild type, hls1 and 35S:HLS1-HA plants.
(B) Increased disease resistance evaluated by disease symptoms in B. cinerea drop
inoculated plants.
(C) The hook phenotype in wild type, hls1, and 35S::HLS1HA (HLS1-HA) plants at 5
days after germination.
(D) HLS1 regulates flowering time in Arabidopsis. The photo was taken of 5-week-old
plants, demonstrating early flowering of the hls1 mutant but delayed flowering of the
HLS1-HA plants. WT: wild type.

68
Interestingly, significantly more HLS1 protein accumulated at 3 dai with B.
cinerea relative to mock inoculated plants (Figure 2.19.A). The results suggest that either
HLS1 is induced by a post-translational mechanism involving the removal of a repressor
or the rate of HLS1 turnover is decreased in response to infection. The proteasome
inhibitor MG132 was tested to determine possible involvement of the plant 26S
proteasome in HLS1 accumulation but no consistent pattern was observed (Figure 2.20).
The mechanism involved in pathogen-induced HLS1 protein stability through posttranslational regulation needs further investigation.

Figure 2.19. HLS1 accumulation is increased in response to B. cinerea or ABA.
(A) B. cinerea- and (B) ABA-induced accumulation of HLS1 protein. HLS1-HA plants
were inoculated with B. cinerea (left panel) or infiltrated with 100 μM ABA (right
panel). Mock-treated plants were infiltrated with 0.5% methanol. Total protein was
extracted from HLS1-HA plants at 0 or 72 hour after B. cinerea inoculation or 24
hours after treatment with ABA. HLS1 protein level was detected on immunoblot
with anti-HA antibody. Equal loading is shown by Ponceau S staining of total protein.

To establish a functional link between ABA-induced accumulation of HLS1 and
B. cinerea resistance, we infiltrated ABA into Arabidopsis leaves one day prior to B.
cinerea inoculation. In wild-type plants, ABA pre-treatment enhanced resistance to B.
cinerea, resulting in significantly reduced disease lesion size (Figure 2.21). The
expansion of disease lesions in the hls1 mutant was comparable in treated and non-treated
plants, whereas the HLS1-HA plants exhibited further increase in resistance to B. cinerea
after ABA treatment. The B. cinerea responses of the hls1 mutant after ABA treatment
confirms the hls1 insensitivity to ABA on seedling germination. The wrky33 mutant also
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displayed a loss of ABA-induced resistance to B. cinerea similar to hls1. Overall, plant
resistance to fungal infection is enhanced through ABA-induced HLS1 protein
accumulation, suggesting a priming effect of ABA though the stabilization of HLS1.

Figure2.20. Accumulation of HLS1 in MG132 treated plants.
Proteins extracted from HLS1-HA transgenic plants at 1 or 6 hour after MG132 or dH2O
(mock) treatment. The equal loading of total protein is shown by ponceau S staining
below.

Figure 2.21. ABA mediated plant immunity is HLS1-dependent manner.
Disease symptoms (left panel) and disease lesion size (right panel) in ABA-treated plants.
Plants were pre-treated by infiltration with ABA one day prior to B. cinerea inoculation.
Disease symptoms and lesion size were recorded at 3 days after B. cinerea inoculation.
The data represent mean values ± SE (n=20). Statistically significant differences are
marked by asterisks (Student t test: **P<0.01; ***P<0.001; n.s., not significant).
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2.4.9

ABA induced WRKY33 expression is dependent on HLS1 association and
chromatin acetylation

We investigated genetic and molecular interactions between HLS1 and
WRKY33 in ABA responses. Overexpressing WRKY33 in the hls1 mutant background
restored the ABA-insensitive phenotype in the hls1 mutant to wild-type levels, suggesting
that WRKY33 is a downstream target of HLS1 during ABA responses (Figure 2.22.A., B).
In response to ABA, the expression of WRKY33 was significantly reduced in the hls1
mutant, suggesting that ABA-induced expression of WRKY33 is also dependent on HLS1
(Figure 2.22.C). Consistent with this, the association of HLS1 protein with WRKY33 TSS
and CDS regions is enriched by ABA treatment, indicating that HLS1-dependent
WRKY33 induction is also modulated by ABA (Figure 2.22.D). Interestingly, ABA
significantly enhanced the H3 acetylation at the WRKY33 locus in wild-type plants,
whereas the hls1 mutant remained at the non-treated level even after ABA treatment
(Figure 2.22.E). This result suggests that HLS1-mediated WRKY33 expression responds
to ABA through histone acetylation. Altogether, ABA-induced plant resistance to B.
cinerea may go through HLS1-mediated WRKY33 activation. In sum, HLS1 association
with WRKY33 is enhanced after B. cinerea inoculation, and both HLS1 and WRKY33
contribute to ABA-mediated priming of plant defense responses.
2.5

Discussion

We describe the functions of Arabidopsis HOOKLESS1 and establish its
significant role in plant immunity and responses to the stress hormone ABA primarily
through its function on histone acetylation and interaction with the transcription coregulatory protein complex Mediator as well as key transcription factors. We show that:
(1) HLS1 and the MED18 subunit of the Mediator complex share significant biological
function and interact physically. (2) HLS1 is required for histone acetylation at ABI5 and
WRKY33 loci, critical regulators of ABA and pathogen responses, respectively. (3)
Ectopic expression of HLS1 is sufficient for increased resistance to B. cinerea.
Interestingly, HLS1 protein accumulates in response to ABA and B. cinerea, which then
results in increased resistance to B. cinerea. ABA primes resistance to B. cinerea, likely
through pathogen- and ABA-induced accumulation of HLS1 protein and upregulation of
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Figure 2.22. ABA mediated WRKY33 expression is modulated by HLS1
(A) Ectopic expression of WRKY33 restores the ABA insensitivity of the hls1 mutant to
wild-type level. Seeds germinated on 1/2 MS medium supplemented with 0.005%
methanol (mock) or 1 M of ABA. The photos were taken at 5 days.
(B) Seed germination and seedling growth on media supplemented with ABA. The data
represent mean values ± SD (n=30) and the statistical significance difference in mock
or ABA treatment is indicated by different letters (least squares means post hoc test:
P<0.05).
(C) ABA-induced expression of WRKY33 is attenuated in hls1 mutant. The expression of
WRKY33 gene in wild-type plants at 0 hour is set to 1.
(D) ABA mediates the recruitment of HLS1 to the WRKY33 transcription start and coding
regions. The association of HLS1 with WRKY33 under mock treatment is set to 1 as a
background control.
(E) ABA-enhanced H3 acetylation at the WRKY33 locus is HLS1-dependent.
In Figure (C, D, E), the data represents mean values ± SE (n=3) and statistically
significant differences are indicated by different letters (least squares means post hoc test:
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P<0.05). WT: wild type; HLS1: HLS1 tagged with HA; WRKY33; hls1: overexpressing
WRKY33 in hls1 mutant background. Pro: promoter region; TSS: transcriptional start
site; CDS: 3’-coding DNA sequence region.

WRKY33 expression, implicating both proteins in priming of defense. (4) HLS1 and
MED18 co-regulate ABI5 and WRKY33 target genes through direct association in
response to ABA and B. cinerea. This observation is further supported by synergistic
interaction between MED18 and HLS1 on ABI5 and WRKY33 gene expression. HLS1 is
required for MED18 association with WRKY33 but not with ABI5 upstream
regulatoryregions, suggesting a complex relationship with these partners. (5) The hls1
mutant plants show enhanced senescence with particularly striking symptoms of
senescence in systemic leaves in response pathogen inoculation, underlining the function
of HLS1 in regulation of disease symptoms and senescence. The ARF2 gene, an
established positive regulator of senescence (Lim et al., 2010), was required for the
senescence responses of the hls1 mutant based on analysis of the hls1 arf2 double mutant,
which displayed fully delayed senescence compared to the hls1 single mutant, and
rescued the hls1 susceptibility to B. cinerea. Thus, ARF2 suppressed the HLS1 function
in delaying senescence. (6) HLS1 is required for H3 acetylation at WRKY33 and ABI5
chromatin consistent with the predicted HAT function of HLS1. The histone H3
acetylation at WRKY33 chromatin increased in response to pathogen infection and ABA
treatment consistent with the positive regulation of the WRKY33 and ABI5 by HLS1. In
sum, HLS1 is a major regulator in priming plant immune responses through
transcriptional and post-translational mechanisms.
2.5.1

HLS1 is a critical transcriptional and post-transcriptional regulator of ABA
mediated priming of plant defense
The function of HLS1 in ABA responses is supported by genetic and molecular

data. HLS1 is induced by ABA, and expression of ABA-responsive genes, including
ABI5, a direct target of HLS1 and a known ABA response regulator. Germination and
seedling growth of the hls1 mutant are insensitivity to ABA, whereas the overexpression
line is hypersensitive to ABA. Interestingly, ABA primes resistance to fungal infection in
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wild-type plants, whereas in hls1, ABA failed to prime resistance, consistent with the loss
of ABA sensitivity. In addition, the HLS1-interacting protein MED18 and the common
target gene WRKY33 were implicated in ABA responses. The overexpression of
WRKY33 confers ABA hypersensitivity in Arabidopsis similar to the overexpression of
HLS1, whereas med18 and hls1 mutants are insensitive (Jiang and Deyholos, 2009). All
three partners – HLS1, MED18 and WRKY33 – are involved in pathogen and ABA
response pathways. In particular, the critical role of HLS1 as a transcriptional activator of
defense is underlined by its relationship with WRKY33, a major immune response
regulator that operates through multiple mechanisms, including the regulation of
phytoalexin biosynthesis, autophagy and interaction with the MAPK pathway (Lai et al.,
2011; Mao et al., 2011). WRKY33 also modulates ABA responses and biosynthesis (Liu
et al., 2015) and its expression is mediated through ABA-induced HLS1 recruitment and
histone acetylation. WRKY33, similar to ABI5, is regulated by direct association with
HLS1 and potentially functions through ABA-dependent and ABA-independent
pathways, consistent with its multi-functionality.
In addition to data implicating HLS1 in the control of gene expression, HLS1
protein levels increased in response to B. cinerea and ABA treatment. By contrast,
decreased HLS1 protein accumulation under light exposure during seedling development
has been reported previously (Li et al., 2004). The transcription factor MYC2 is known to
bind to EIN3/EIL1, resulting in decreased binding ability to HLS1 and lower HLS1
expression (Song et al., 2014). Further investigation is required to test whether MYC2
and EIN3/EIL1 interaction affects HLS1 protein stability and how this relates to the
increased HLS1 accumulation in response to infection or ABA. Regardless, HLS1
turnover may result from EIN3/EIL1 degradation through MYC2-mediated SCFEBF1/EBF2.
It is possible that MYC2 triggers F-box EBF1 gene expression which is a component of
SCF to degrade EIN3/EIL1 protein.
Multiple genetic evidences suggest a link between ABA and pathogen responses.
However, the role of ABA in plant defense response is complex and varies depending on
the nature of pathogens, the types of tissues and infection stages (Ton et al., 2009).
Pathogens hijack ABA, either by manipulating its biosynthesis or antagonizing the SA-
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mediated resistance pathway to attenuate plant immunity (Xu et al.; de Torres‐Zabala et
al., 2007; Jiang et al., 2010). ABA signaling mutants abi1-1 and abi2-1 increase
susceptibility to R. solanacearum (Hernandez-Blanco et al., 2007). Arabidopsis mutants,
such as med25 and med18, with enhanced disease susceptibility phenotypes also
displayed altered responses to ABA (Kidd, 2009; Lai, 2014; Qiu, 2015; Zhu, 2014), but
how the ABA function is interrelated to pathogen response functions of the genes is
unclear. The non-protein amino acid β–amino-butyric acid (BABA) primes resistance to
necrotrophic pathogens (Ton et al., 2005) based on primed callose accumulation,
controlled by an ABA-dependent defense pathway. BABA-induced resistance was
blocked in the ABA-deficient mutant aba1-5 and the ABA-insensitive mutant abi4-1
(Ton and Mauch-Mani, 2004). Application of ABA mimicked the effect of BABA on
callose accumulation and resistance. Thus, ABA is required for BABA induced resistance
to pathogens by enhancing callose deposition. Despite the strong genetic data, the
molecular mechanisms of ABA-mediated priming are unclear. Our observations show
that the ABA response function of HLS1 is critical for priming pathogen resistance.
In contrast to the above data, previous observations suggest that ABA promotes
plant susceptibility. Application of ABA at the time of pathogen inoculation enhanced
susceptibility (Liu et al., 2015); thus, the timing of ABA treatment may be important to
determine the defense function in plants. Genes in the ABA biosynthesis pathway
promote plant susceptibility to pathogens. The ABA-deficient tomato mutant sitins is
resistant to B. cinerea and displayed increased basal and induced JA-ET-dependent
defense gene expression and enhanced cuticle permeability (Asselbergh et al., 2007;
Curvers et al., 2010). ABA-deficient mutants, such as aba1 and aba2, modulate JA-ET
responsive genes to enhance resistance to necrotrophs (Anderson et al., 2004). WRKY33
suppresses downstream target genes NCED3 and NCED5, thus abrogating ABA
biosynthesis and increasing disease resistance (Liu et al., 2015). WRKY33 plays both a
negative and positive regulatory role in transcription of its target genes (Liu et al., 2015;
Mao et al., 2011). Thus, its role in ABA may be context-dependent that varies according
to the target.
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Many genes in ABA, defense and senescence pathways displayed altered
expression in the hls1 mutant. PR1 expression is highly activated in the hls1 mutant and
matches previous reports that ABA signaling antagonizes SA-dependent responses
(Yasuda et al., 2008; Pieterse et al., 2012; Liu et al., 2015). The induction of PR1 in the
hls1 mutant does not correlate with resistance but implies that some pathways leading to
PR1 expression are affected. Alternatively, due to the susceptibility of the hls1 mutant
and increased fungal growth, some genes displayed increased gene expression. ABA
antagonizes the ETHYLENE RESPONSE FACTOR (ERF)-branch of the JA pathway
and regulates defense marker gene PDF1.2 (Anderson et al., 2004). However, the hls1
mutant displayed increased expression of PDF1.2, which is linked to fungal resistance
(Penninckx et al., 1996) but the mutant remained susceptible to B. cinerea. HLS1mediated gene expression is not a function of the antagonism between JA- and SAregulated pathways, since markers of both pathways are also upregulated in the mutant.
Taken together, the HLS1-mediated plant immunity works through the ABA signaling
pathway but is independent of the ET/JA- and SA-regulated pathways as well as
independent of their antagonistic interactions.
2.5.2

HLS1 mediated histone acetylation of target genes ABI5 and WRKY33

HLS1 is required for H3 acetylation at ABI5 and WRK33 chromatin based on
changes in acetylation status in hls1 and HLS1-HA plants. However, acetyltransferase
activity, through a standard HAT assay using recombinant protein, revealed no HAT
activity, possibly due to either the GST tag in the GST-HLS1 fusion affecting the
structures of the protein and its acetyltransferase activities or the requirement for HLS1 to
recruit other co-factors for activity. Histone acetylation alters the structure of defense and
non-defense genes that underlie plant responses to the environment. Histone H4
deacetylase, HDT701, reduces global histone H4 acetylation and modulates defenserelated genes in rice resistance to Magnaporthe oryzae and Xanthomonas oryzae pv
orzyae (Xoo) (Ding et al., 2012). The elongator complex subunit 2 (ELP2) and subunit 3
(ELP3) regulate resistance to P. syringae pv maculicola (Psm) ES4326 through their
HAT activity on defense-related genes (Defraia et al., 2013; Wang et al., 2013). As
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shown in our current study, HLS1 modulates H3 acetylation on specific loci required for
plant immunity and ABA responses.
Plant defense genes are poised to counteract attempted pathogen infection
through priming which has been linked to post-translational modification of histone tails.
The promoter region of defense-related transcription factors WRKY6, WRKY26, or
WRKY53 were either acetylated or methylated in primed plants treated with the salicylic
acid analogue, benzothiadiazole (BTH) (Jaskiewicz et al., 2011). Arabidopsis histone
acetyltransferase1 mediates activation of PTI-related genes WRKY53, FRK1, or NHL10
primed by environmental stresses (Singh et al., 2014). BABA-triggered chromatin
modification activates defense-related gene transcription (Po-Wen et al., 2013). HLS1
mediates WRKY33 expression through histone acetylation in response to ABA and
pathogens, supporting the dynamic chromatin modification in response to stimuli. The
results are consistent with previous studies demonstrating that histone modification
enzymes stand by on specific target loci and modulate gene expression following
attempted infection (Jaskiewicz et al., 2011).
Histone deacetylases reverse acetylation status on histones to remove acetyl
group from substrates, resulting in repression of gene expression. Arabidopsis HDA6
encodes histone deacetylase and the hda6 mutation results in hypersensitivity to ABA,
delayed senescence and flowering (Wu et al., 2008). HDA6 recruits a JA-Zim domain
(JAZ) protein to repress EIN3/EIL1-dependent transcription (Zhu et al., 2011b).
Arabidopsis histone deacetylase HDA19 is another histone modifying enzyme and hda19
mutant results in early senescence, hypersensitivity to ABA, down regulation of ABAresponse genes, and susceptibility to Alternaria brassicicola (Wu et al., 2000; Tian et al.,
2005; Zhou et al., 2005). HDA6 and HDA19 share contrasting biological functions with
HLS1 consistent with their distinct roles in histone modifications. Whether HLS1, HDA6
and HDA19 target the same set of genes for reversible modification of histone acetylation
is unclear.
2.5.3

Functional interaction between histone acetylation and mediator

Current and previous data show that HLS1 and MED18 are positive regulators of
ABA signaling and resistance to B. cinerea (Lai et al., 2014). HLS1 and MED18 interact
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and are associated with WRKY33 and ABI5 regulatory regions. This association
increases in response to ABA and B. cinerea as determined through ChIP-qPCR and
transcription activation assays. Many studies in yeast and mammalian cells have shown
that mediator complexes modulate histone modification. The Spt-Ada Gcn5acetyltransferase (SAGA) complexes require a mediator complex to be recruited to
GCN4-regulated promoters ARG1, ARG4, or SNZ1 gene (Yoon et al., 2003; Qiu et al.,
2005). In mammalian cells, MEDIATOR 25 (MED25) affects methylation or acetylation
at H3K27 at CYP2C9 promoter region by dissociation from polycomb repressive
complex 2 (PRC2) and activates its expression (Englert et al., 2015). The Arabidopsis E3
ligase HISTONE MONOUBIQUITINATION1 (HUB1) is required for resistance to
fungal pathogens and regulates ABA responses and biosynthesis (Peeters et al., 2002; Liu
et al., 2007; Dhawan et al., 2009). HUB1 interacts with MED21 and activates gene
transcription through H2B ubiquitination, implying it functions as a component of
transcriptional activation complexes. In another report, mediator localization is
determined by the interaction between mediator and histone tails. The interaction is
relieved by the acetylation of H4K16 (Zhu et al., 2011a). MED18 is also associated with
WRKY33 at TSS and CDS regions, which are similar to HLS1 genomic localization.
Interestingly, MED18 is unable to associate with WRKY33 in the absence of HLS1,
suggesting that HLS1 is required for MED18 recruitment to specific loci.
2.5.4

Proposed model of HLS1 function

Collectively, we demonstrate that HLS1 associates with MED18 at ABI5 and
WRKY33 loci and modulates their gene expression through acetylation of chromatin at
these loci. Although many genes are regulated by HLS1 in response to ABA or pathogens,
some of these are affected only indirectly. HLS1 associates with the WRKY33 gene and
activates its expression through histone acetylation after B. cinerea inoculation or ABA
treatment. HLS1 recruits MED18 to the WRKY33 locus where MED18 enhances the role
of HLS1 in transcriptional activation of WRKY33 (Figure 2.23). MED18 also enhances
the HLS1-regulated expression of ABI5, but its recruitment to the ABI5 locus is
independent of HLS1. Interestingly, HLS1 is required and sufficient for the histone
acetylation at WRKY33 chromatin, consistent with the high sequence similarity of HLS1
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to GCN5 histone acetyl transferase. Other components that potentially associate with the
two proteins are not known, but transcription factors, co-activators, or other chromatin
remodeling components may be involved to form a pre-initiation complex. Other nonhistone proteins may be recruited with HLS1 and MED18 for initiation of gene
expression. Identifying additional proteins that interact with HLS1 will help us
understand the acetylation mechanism that modulates responses to biotic and abiotic
stresses. In response to ABA or B. cinerea, the complex enhances histone acetylation to
remodel chromatin structure, favoring increased gene expression. The consequences of
these will be enhanced transcriptional activation of genes that requires the recruitment of
HLS1, which then recruits MED18 to target sites. Biologically, HLS1 participates in
different response pathways (light, sugar and pathogen) and is regulated by hormone
crosstalk (JA, GA, ET, ABA). Therefore, it will be important to investigate the global
targets of HLS1 through ChIP-seq analysis to identify additional targets bound by HLS1
to decipher its regulatory impact and to determine histone acetylation mechanisms
dynamically responding to environmental challenges.
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Figure 2.23. A proposed model to illustrate the molecular function of HLS1 on histone
acetylation mediated gene regulation.
HLS1 and MED18 co-regulates WRKY33 and ABI5 expression and shares common
biological functions. HLS1 mediates histone H3 acetylation at the 5’-regulatory and 3’coding regions of WRKY33 and ABI5 loci. The histone acetylation level on WRKY33
locus is enhanced by pathogen or ABA in HLS1 dependent manner. MED18 is recruited
by HLS1 to ABI5 and WRKY33 loci. ABA or B. cinerea regulates HLS1 at transcriptional
and posttranscriptional level. MED18 recruits RNA polymerase II and unknown
transcription factor to activate gene expression. Ultimately, the results in enhanced
expression of gene that are required for ABA or pathogen responses.
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CHAPTER 3. AUXIN RESPONSE FACTOR 2 FUNTIONS IN PLANT RESISTANCE
TO BOTRYTIS CINEREA

3.1

Abstract

The transcription repressor AUXIN RESPONSE FACTOR2 (ARF2) is a
HOOKLESS1 (HLS1) suppressor in seedling development. ARF2 has been reported to
repress gene expression in response to gibberellic acid (GA) and abscisic acid (ABA).
We found that ARF2 suppresses plant immunity to B. cinerea, but its effects on HLS1mediated plant resistance is unknown. The hls1 arf2 double mutant was generated and
displayed comparable phenotypes with the arf2 mutant in ABA response, leaf senescence,
flowering time, and plant resistance to B. cinerea, suggesting the genetic interaction
between HLS1 and ARF2. However, HLS1 protein has no association with the ARF2
locus. The expression of HOMEOBOX PROTEIN 33 (HB33), known to function in the
ABA signaling pathway is diversely regulated by HLS1 and ARF2, implying that HLS1
and ARF2 modulate their target gene through independent mechanisms. In addition, a
novel

HLS1-interacting

protein

RABE1B

is

identified

through

the

co-

immunoprecipitation (co-IP) assay and mass spectrometry analysis. RABE1B is required
for plant resistance to B. cinerea and Pseudomonas syringae DC3000 (avrRpm1),
suggesting the potential roles of RABE1B in plant immunity. In sum, ARF2 plays a
regulatory role to suppress HLS1 functions on plant defense and hormone responses
through the genetic analysis. HLS1-interacting protein RABE1B is identified and plays a
vital role in plant defense responses to pathogens.
3.2

Introduction

Plant hormones jasmonic acid (JA), salicyclic acid (SA), and ethylene (ET) are
well studied in plant defense response. In general, JA and SA are considered to enhance
plant resistance to necrotrophs and biotrophs, respectively. Recently, pharmacological
and genetic studies found that auxin participates in plant immunity to pathogens
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(Kazan and Manners, 2009; Fu and Wang, 2011). The pretreatment with auxin analog
2,4-dichlorophenoxyacetic aicd (2,4-D) or 1-naphthalacetic acid (NAA) increases disease
symptoms in response to hemi-biotrophic pathogens (Navarro et al., 2006; Chen et al.,
2007; Wang et al., 2007). Pst. is able to secrete active auxin form, indole-3-acetic acid
(IAA), or effector AvrRpt2 to modulate auxin level and promotes the virulence
(Glickmann et al., 1998; Chen et al., 2007). While to Pst, auxin contributes to plant
resistance to fungus. The earliest report in 1959 indicated that IAA accumulation is
increased in infected tissues (Gruen, 1959). The functional deficiency of auxin signaling
genes such as axr1, axr2, or axr6/cullin1 results in plant susceptibility to necrotroph
Botrytis cinerea (Korolev et al., 2008; Llorente et al., 2008). The treatment of auxin
transport inhibitor 2,3,5-Triiodobenzoic acid (TIBA) also enhances plant susceptibility to
necrotrophic fungus Plectosphaerella cucumerina (Llorente et al., 2008). Systemic
acquired resistance (SAR) is compromised by aux1 mutant through indole-derived
compounds, suggesting that auxin and its secondary metabolites participate in SAR
(Truman et al., 2010). In addition, auxin modulates plant immunity through cross-talking
with other plant hormones. Antagonistic relationships between auxin and SA in plant
immune response have been proposed, but auxin and JA have positive regulation in plant
resistance to necrotrophs (Kazan and Manners, 2009; Fu and Wang, 2011).
In the auxin signaling pathway, auxin binds to Skp1-Cullin-F-box (SCF)
complex to remove AUX/IAA family of transcription repressors through E3-ubiquitin
ligase-mediated proteasome degradation resulting in the activation of transcription factors,
called auxin response factors (ARFs). ARFs further activates or represses downstream
auxin response genes (Teale et al., 2006).
Among 23 ARFs in Arabidopsis, ARF2 is a transcription repressor by forming a
homo-dimers or hetero-dimer with other ARFs (Ulmasov et al., 1999a; Tiwari et al., 2003;
Richter et al., 2013). ARF2 contains a conserved DNA-binding domain (DBD) in the Nterminus including plant-specific B3-type subdomain and an ARF subdomain for binding
on auxin response elements (AuxREs). The carboxy-terminal dimerization domain (CTD)
contains III and IV subdomains that are similar to AUX/IAA family protein. The middle
region (MR) determines ARF function (Boer et al., 2014; Li et al., 2014). ARF2 controls
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multiple phenotypes including hypocotyl growth in dark, leaf senescence, floral organ
abscission, organ size, and plant immunity (Ellis et al., 2005; Okushima et al., 2005a;
Okushima et al., 2005b; Schruff et al., 2006; Stotz et al., 2011). However, the mechanism
of ARF2 related to these phenotypes is unclear. Although ARF2 is in response to auxin,
auxin response genes regulated by ARF2 during developmental stage are not conclusive
based on microarray data. More evidences found that ARF2 may modulate genes in
brassinosteroids (BR), ABA, Gibberellin (GA), or ethylene (ET) responsive pathways,
suggesting ARF2 play as a node in plant development (Okushima et al., 2005a; Vert et al.,
2008; Wang et al., 2011; Richter et al., 2013).
Molecular functions of ARF2 in response to BR, GA, and ABA have been
studied. BR-INSENSITIVE2 kinase (BIN2) phosphorylates ARF2 to block its repressor
activity (Vert et al., 2008). Responding to ABA, ARF2 directly binds on HB33 promoter
region and suppresses HB33 expression (Wang et al., 2011). In the GA responsive
pathway, ARF2 directly regulates the expression of paralogous transcriptional factors
GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM INVOLVED (GNC), and
CYTOKININ-RESPONSIVE GATA FACTOR1 (CGA1) / GNC-LIKE (GNL) (Richter et al.,
2013).
In this chapter, we studied the role of ARF2 in resistance to B. cinerea. To
clarify the molecular role of ARF2 in HLS1-mediated plant resistance, the hls1 arf2
double mutant is established. Obviously, ARF2 rescues phenotypes caused by HLS1 in
plant immune responses to B. cinerea, ABA-mediated seed germination, dark-induced
leaf senescence, suggesting the close relationship between HLS1 and ARF2. HLS1
regulates ARF2 expression, but no association to ARF2 locus. In advance, we identified
HLS1 interactor RABE1B by using mass spectrometry and co-IP assay. The preliminary
data displays that rabe1b mutant is susceptible to B. cinerea as well as Pst DC3000
(avrRpm1). Altogether, HLS1 and ARF2 may regulate plant immunity in the same
pathway by independent mechanisms and HLS1 interacts with RABE1B to modulate
plant resistance to pathogens.
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3.3
3.3.1

Materials and methods

Plant materials and growth condition

Arabidopsis thaliana plants used in this study are in the Columbia-0 ecotype
(Col-0) background. Plants were grown in a growth chamber at 24°C, 70% relative
humidity, 110 to 130 μE m-2S-1 light density with a 12-hour light/12-hours dark cycle. TDNA insertion Arabidopsis mutant alleles arf2-1 (SALK_041472C) and arf2-2
(CS24601) under Col-0 background were obtained from Arabidopsis Biological Resource
Center (ABRC) and confirmed by PCR to verify their T-DNA insertion. ARF2
expression in arf2 mutant plants was confirmed in 4-week-old plants compared to wildtype or transgenic plants by qPCR. Transgenic plants overexpressing ARF2 tagged with
MYC in the arf2 mutant background under cauliflower mosaic virus 35S promoter were
generated by Agrobacterium-mediated transformation. Transgenic plants overexpressing
RABE1B tagged with MYC under Col-0 background was generated as well. Plants were
screened on 1/2 strength Murashige and Skoog (1/2 MS) medium supplemented with
herbicide basta. Protein and mRNA levels of ARF2 or RABE1B were verified by western
blotting analysis with anti-MYC-specific antibody (abcam) or qPCR assays, respectively.
hls1 arf2 double mutant was generated by crossing hls1 and arf2 single mutants. The TDNA insertion status in hls1 arf2 double mutant is confirmed by PCR.
3.3.2

Seed germination, dark-induced senescence, and disease assay

For seed germination assay, Arabidopsis mutants or transgenic seedlings were
germinated on 1/2 MS medium supplemented with different concentrations of ABA and
grown in a room at 22°C, 110 to 130 μE m-2S-1 light density with 16-hour light/ 8-hour
dark cycle. For dark-induced senescence, comparable leaves from Arabidopsis plants of
4-week-old plants were detached and placed in water-saturated plates and incubated in
the dark. The total chlorophyll content was measured at 647 and 665 nm absorbance on
NanoDrop 2000c spectrophotometer (Thermo Scientific) (Bach and Lichtenthaler, 1983).
Fungal and bacterial disease assays were performed as previously described
(Laluk et al., 2011). In brief, for B. cinerea disease assay, four weeks-old plants were
spray or drop inoculated with conidial suspension (2.5 x105 spores /mL) in 1% Sabouraud
Maltose Broth and maintained under a transparent cover at high humidity condition. For
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the Pseudomonas syringae disease assay, plants were infiltrated with bacterial strains and
then bacteria were extracted from inoculated leaves after three days of inoculation. The
colony growth was determined and expressed in colony forming units on King’s B
medium supplemented with antibiotics rifampicin and kanamycin.
3.3.3

RNA extraction and quantitative RT-PCR (qPCR) assay

Total RNA was extracted from leaves with Trizol reagent according to
manufacturer’s instruction (Sigma-Aldrich). The procedures of RNase-free DNase I
treatment (Promega) and cDNA synthesis (New England Biolabs) from total RNA were
conducted following manufacturer’s instructions. The qPCR assay was performed with
SYBR green supermix reagents (Bio-Rad) using gene-specific primers (Table 3.1) and
Arabidopsis ACTIN2 gene used as an internal reference for normalization.
3.3.4

Co-immunoprecipitation (co-IP) and mass spectrometry assay

The co-IP was conducted following the previously described procedure (Lai et
al., 2014; Zhu et al., 2014). Briefly, plasmids containing full length HLS1-HA and
RABE1B-MYC driven by the cauliflower mosaic virus 35S promoter were generated and
transformed into Agrobacterium. The acetosyringone-induced agrobacterium carrying
plasmids were infiltrated into Nicotiana benthamiana. After 36 hours, total protein was
extracted from infiltrated leaves with extraction buffer (50 mM HEPES-OH pH7.5; 100
mM NaCl; 5 mM EDTA; 50 mM EGTA; 25 mM NaF; 1 mM NaVO3; 50 mM βglycerophosphate; 20% (v/v) glycerol; 1 mM PMSF; 0.1% (v/v) Triton X-100; 1 mM
DTT; 1x protease inhibitor cocktail, Sigma-Aldrich). After removing debris by
centrifugation at 12000g for 10 minutes, 1mL of supernatant mixed with anti-HA
antibody-conjugated agarose beads (Sigma-Aldrich) and rotated overnight at 4°C. Then,
beads with immunoprecipitates (IPs) were washed four times with extraction buffer. IPs
were detected by western blotting analysis with anti-HA- (Covance) or anti-MYC(Abcam) specific antibodies.
The co-IP for mass spectrometry was conducted. Briefly, total protein was
extracted from leaves of transgenic plants overexpressing 35S::HLS1-HA with extraction
buffer (50 mM Tris-Cl pH7.5; 150 mM NaCl; 0.5 mM EDTA pH8.0; 1 mM PMSF; 0.1%
(v/v) Triton X-100; 2 µM DTT; 1x protease inhibitor cocktail, (Sigma-Aldrich). After
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removing debris by centrifuge at 12000g, 10 minutes, 1 mL of supernatant mixed with
anti-HA antibody conjugated agarose beads (Sigma-Aldrich) and rotated overnight at 4°C.
Then, beads with immunoprecipitates (IPs) were washed 4 times with extraction buffer.
Then, immunoprecipitates (IPs) were eluted from beads by 5 µg of competitive HA
peptides and rotated at 4°C. IPs were detected by western blotting analysis with anti-HA(Covance) specific antibody. The eluted protein is further digested to peptides by trypsin
treatment and then purified through C18 spin column (Sigma-Aldrich) for mass
spectrometry analysis.
3.3.5

Chromatin immunoprecipitation (ChIP)-qPCR assay

ChIP-qPCR assay was conducted as described previously with minor
modifications (Saleh et al., 2008). Briefly, chromatin complexes with proteins were
cross-linked and isolated from 4-week-old Arabidopsis plants. After sonication, proteincomplexes were precipitated with anti-HA (Abcam) antibody overnight at 4°C and then
captured with salmon sperm DNA/Protein A agarose (Millipore). Beads were washed,
reverse cross-linked, and protein digestion conducted prior to DNA purification. The
immunoprecipitated DNA was amplified by specific primers listed in table 3.1. ChIP
enrichment was normalized with input from a non-precipitated sample and ACTIN2 as an
internal control. Wild-type plants treated with the same procedure were used as a
background control and IgG was used for the immunoprecipitation control.
3.3.6

Accession numbers

HLS1 (AT4G37580), ARF2 (AT5G62000), PAD3 (AT3G26830), SUR2 (AT4G31500),
PDF1.2 (AT5G44420), ACT2 (AT3G18780), GNC (AT5G56860), GNL (AT4G26150),
HB33 (AT1G75240), GH3.2 (AT4G37390), GH3.3 (AT2G23170), GH3.5 (AT4G27260),
GH3.6 (AT5G54510), AXR1 (AT1G05180), AUX1 (AT2G38120), ASA1 (AT5G05730),
PIN3 (AT1G70940), EIR1 (AT5G57090), RABE1B (AT4G20360), ABI4 (AT2G40220).
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Table 3.1. List of primers
Gene Name

Sequence (5’ to 3’)

Molecular Cloning
ARF2-MYC FP

CCGCTCGAGATGGCGAGTTCGGAGGTTTCACCG

ARF2-MYC RP

AAGGCGCGCCAGAGTTCCCAGCGCTGGACAA

RAB-MYC FP

CCGCTCGAGATGGCGATTTCGGCTCCAGCC

RAB-MYC RP

TTGGCGCGCCTTCGAGGATCGTCCCAATAAC

qRT-PCR
At ACTIN 2 qFP

GACCTTTAACTCTCCCGCTATG

At ACTIN 2 qRP

AAACCCTCGTAGATTGGCAC

PR1 qFP

TTCTTCCCTCGAAAGCTCAA

PR1 qRP

ACTTTGGCACATCCGAGTCT

ARF2 qFP

TATGTCTCGACAGCCTCCCA

ARF2 qRP

ATCGCCTGCAACTAGCCTTT

SAG12 qFP

AGGCACATCGAGTGGATGAC

SAG12 qRP

TCAATGCGTTCGACGTTGTT

CAB1 qFP

GTTTGGTTCAAGGCCGGTTC

CAB1qRP

CCCATTTCCTGCGACTCTGT

WRKY53 qFP

GACGGCTGTTGCTGAGACTA

WRKY53 qRP

GATTTGCCACCGGGACTACA

PDF1.2 qFP

TGCTTCCATCATCACCCTTA

PDF1.2 qRP

CACTTGTGTGCTGGGAAGAC

PAD3 qFP

AGAAGCAAGAGAACGATGGAG

PAD3 qRP

GGGAATGACCGAGCTGATC

SUR2 qFP

TTGTACGAGACGCAAGCACT

SUR2 qRP

TTGAGACGTGCACTGAGACC

GNC qFP

GCGTGATTAGGGTTTGTTCG

GNC qRP

CTTTGCCGTATACCACATGC

GNL qFP

CCATATCTCCCAACCTCTCG

GNL qRP

TGGGCACCATTTGATCAC
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Table 3.1. continued
Gene Name

Sequence (5’ to 3’)

HB33 qFP

GGACAATCAAGCGGAGAAGGAGC

HB33 qRP

CTC CGA TCT CGC CGC AGA ATC TC

GH3.2 qFP

CCATAATTCCGCTCCACAGT

GH3.2 qRP

ACGCATTCTCCACTGCTTTT

GH3.3 qFP

ATCAGTACAAGGTGCCGAGG

GH3.3 qRP

AAAGCTGGGCTGAAGTGTGT

AXR1 qFP

TGGTCGATGCGAAGAGTGTT

AXR1 qRP

ACAAACCCAGCAAGGCCATA

GH3.5 qFP

TACTTCAGCCCCAAGTGTCC

GH3.5 qRP

TCTTCACGTTCCACATTCCA

GH3.6 qFP

CTTGAGAAACATTGGCCTGAG

GH3.6 qRP

CAGATTCGACGAAATCAGCA

AUX1 qFP

TACACCTTTGGAGGTCACGC

AUX1 qRP

TTGGAGTGGTCGAGAAGTGC

ASA1 qFP

AAACGGCGTGAGTGGGTGGC

ASA1 qRP

TGGCTCGAGCAAGACCAGCG

CHIP-qPCR
ARF2 TATA FP

AAGGTATGGCGAGTTCGGAG

ARF2 TATA RP

CGCAGCGGATCGGGTAGAAT

ACT2 TATA FP

TGTAACACGCGGATCGAGCA

ACT2 TATA RP

AACGTGACCTGGCTGTCAGA

Genomic PCR
SALK T-DNA

TTGATTTGGGTGATGGTTCA

SAIL T-DNA

TAGCATCTGAATTTCATAACCAATCTCGATACAC

hls1-1 LP

GGTTTGGCCACAAAGAAAAAG

hls1-1 RP

TATTCGGAGTTTCGTACACCG

arf2-1 LP

AGAGTGGGTGGAGTGTGTTTG

arf2-1 RP

ATCATCATCCGCTGAAGATTG
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Table 3.1. continued
Gene Name

Sequence (5’ to 3’)

arf2-2 LP

ATGAAGATTTTGCGAACCATG

arf2-2 RP

TTACACAGATTTGCTCTCCGG

asa1-1 LP

GGA AAT TGC CAT TTT CAA AGG

asa1-1 RP

CGT AGT ACG TCC CAG CAA GTC

arf7 LP

CAGCTAGATCGTTCGAAATGG

arf7 RP

AGCACATCACCATTTAGGTGC

pin3 LP

TGCCACCTTCAATTCAAAAAC

pin3 RP

TGATTTTCTTGAGACCGATGC

rabe1b LP

CAGCACCAACAGTCTTTCCTC

rabe1b RP

AGAAGCCTCATGTCAACATCG
3.4

3.4.1

Results

ARF2 mediates plant defense responses to necrotrophic pathogens

Two T-DNA insertion null alleles arf2-1 (SALK_041472C) and arf2-2
(CS24601) were challenged with B. cinerea and the results displayed the limited disease
lesion development (Figure 3.1B, C). While wild-type plants, the low amount of fungal
biomass confirmed the resistant phenotype in arf2 mutant (Figure 3.1D). Our results are
similar with a previous report indicating that arf2 mutant is resistant to necrotrophic
pathogen S. sclerotiorum (Stotz et al., 2011). To determine the extent of ARF2 function
in plant immunity, arf2 mutant was challenged with different Pst strains. The bacterial
growth in arf2 mutant is not altered after inoculated with Pst pathogenic strain DC3000,
non-pathogenic strain hrcC- or avirulent strains avrRpm1. Altogether, it suggests that
ARF2 has a specific role in plant immunity to necrotroph (Figure 3.2).
3.4.2

Other ARF2-related proteins did not enhance plant resistance in response to B.
cinerea
Among 23 ARFs, ARF1 amino acid sequence is similar to ARF2 and ARF1 has

a partially redundant function with ARF2 in the controlling differential hypocotyl growth
(Li et al., 2004). The etiolated arf1 arf2 double mutant, but not the arf1 single mutant,
displayed exaggerated apical hook similar to the phenotype of HLS1-overexpressing
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transgenic plants (Li et al., 2004). The arf1 arf2 double mutant also enhances late
flowering, floral organ abscission, and stamen elongation phenotypes (Ellis et al., 2005).

Figure 3.1. ARF2 is a negative regulator in plant resistance to B. cinerea.
(A) Schematic diagram of ARF2 gene and T-DNA insertions are shown in arf2 mutant
alleles. Black and white square are exon and untranslated regions, respectively.
(B) (C) B. cinerea disease lesions in wild type (WT, Col-0 ecotype) and arf2 mutants by
spray and drop inoculation, respectively. 3.1.D. Reduced B. cinerea growth in arf2
mutant as measured by qPCR assay. Fungal growth was determined by qPCR
amplification of B. cinerea ActinA gene relative to Arabidopsis ACTIN2 gene. The
data represent mean values ± SE (n=3). Means with significant difference were
determined after statistical analysis (Student’s t test: *P<0.05).

To understand the effects of ARF1 in plant defense responses, we tested the arf1
single and arf1 arf2 double mutants with B. cinerea, respectively. The results showed that
the arf1 single mutant does not enhance plant resistance to B. cinerea. Compared to the
arf2 single mutant, the arf1 arf2 double mutant does not enhance the resistance,
suggesting ARF1 has no redundant function with ARF2 in plant immunity (Figure 3.3A).
In Addition, ARF7 and ARF19 are transcriptional activators and the arf7 arf19 double
mutant enhances the arf2 phenotypes in leaf senescence (Ellis et al., 2005). We tested the
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arf7 single and arf7/nph4 arf19 double mutant plants by challenging with B. cinerea, but
these mutants did not enhance plant resistance to B. cinerea compared to wild-type plants.
(Figure 3.3B). Altogether, ARF2 may have an independent function in plant immunity in
response to necrotroph.

Figure 3.2. ARF2 displays no altered responses to different Pst strains.
Bacterial growth was expressed in colony-forming units (cfu) per mg fresh weight
(CFU/mg FW) in wild-type (WT) and arf2 mutant plants. The data represent mean values
± SD (n=24) with at least three independent biological replicates.
A

B

***
****

Figure 3.3. arf1, arf7, and arf7 arf19 mutant did not impair plant immunity to B. cinerea.
(A, B) B. cinerea disease lesion size was measured in wild-type (WT, Col-0 ecotype),
arf1, arf2, arf7, arf1 arf2, and arf7arf19 mutant plants. The data represent mean values ±
SD from (n=14) with three independent biological replicates. The significant difference is
determined by statistics (Student’s t test: ***P<0.001; ****P<0.0001).
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3.4.3

The expression of defense- and ARF2-regulated genes to B. cinerea

To determine how ARF2 modulates plant defense response at molecular level,
the gene expression is investigated in the arf2 mutant after B. cinerea inoculation.
PLANT DEFENSIN 1.2 (PDF1.2) is a defense-related marker gene involved in JA and
ET-mediated defense pathway in resistance to necrotrophs (Penninckx et al., 1998). The
results indicated that PDF1.2 gene induction is impaired in the arf2 mutant compared to
wild-type plants, implying that ARF2-mediated plant susceptibility to necrotroph is
independent of JA/ET pathway (Figure 3.4A). The induction of PHYTOALEXIN
DEFIICIENT 3 (PAD3) or SUR2 gene is impaired or not altered in the arf2 mutant plants,
respectively. The data suggests that the camalexin and glucosinolate biosynthesis
pathway do not participate in ARF2-mediated plant susceptibility (Figure 3.4.A).
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Figure 3.4. ARF2 modulates gene expression in response to B. cinerea.
(A) The expression of defense genes PDF1.2, PAD3, SUR2, and (B) GA responsive
genes GNC, GNL, and (C) ABA responsive gene HB33 are regulated in wild-type and
arf2 mutant plants after B. cinerea inoculation. In (A) to (C), the relative gene expression
is normalized to Arabidopsis ACTIN2 gene (ACT2). The gene expression in wild-type
plants at 0 hour after inoculation is set to 1. The data represent mean values ± SE (n=3)
from two independent biological replicates. Statistically significant differences are
marked by different letters (least squares means post hoc test: P<0.05). WT, wild-type.
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ARF2-regulated the expression of transcriptional factors HOMEOBOX
PROTEIN 33 (HB33), GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM
INVOLVED (GNC), and CYTOKININ-RESPONSIVE GATA FACTOR1(CGA1) /
GNC-LIKE (GNL) were studied (Wang et al., 2011; Richter et al., 2013). These genes
have the higher basal expression level in the arf2 mutant due to ARF2 transcriptional
repression activity. Our results showed the similar expression pattern in these genes in
arf2 mutant. Interestingly, the induction of genes is suppressed in response to B. cinerea
(Figure 3.4B, C).
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Figure 3.5. ARF2 impacts expression of auxin responsive genes.
The expression of GH3 genes is regulated in arf2 mutant. The relative gene expression is
normalized to Arabidopsis ACTIN2 gene (ACT2). The gene expression in wild type at 0
hour after inoculation is set to 1. The data represent mean values ± SE (n=3) from two
independent biological replicates. Statistically significant differences are marked by
different letters (least squares means post hoc test: P<0.05). WT, wild-type.

GRETCHENHAGEN3 (GH3) family proteins are regulated by ARFs (Ulmasov
et al., 1999b) and participates in plant immunity. A recent report indicated that the
treatment of indole-3-acetic acid (IAA) conjugated with Asp (IAA-Asp) in Arabidopsis
results in enhanced plant susceptibility to B. cinerea (Gonzalez-Lamothe et al., 2012).
GH3.2 gene encoded an enzyme that converts IAA to IAA-Asp. The gh3.2 mutant causes
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the low amount of IAA-Asp in plants and enhances plant resistance to pathogen. We
selected GH3.2 and other GHs that have reported in response to pathogen. Our results
displayed that GH3.3 basal expression is higher compared to other GHs in arf2 mutant
(Figure 3.5). The induction of GH3.3 is impaired in arf2 mutant in response to B. cinerea.
To further understand whether ARF2 affects auxin signaling or transport pathway, two
genes AUX1 or AXR1 participating in plant defense to B. cinerea were selected but our
results did not find the significant regulation in arf2 mutant (Figure 3.5) (Llorente et al.,
2008).
3.4.4

Overexpressing ARF2 compromises resistance to B. cinerea

To confirm biological function of ARF2 in plant immunity, CaMV 35S
promoter driven ARF2 tagged with MYC (ARF2-MYC) was overexpressed in arf2
background. The ARF2-MYC plants displayed early flowering, early leaf senescence,
and sensitive to ABA phenotypes as well as susceptibility to B. cinerea, suggesting that
ARF2 controls plant development and plant immunity in response to B. cinerea (Figure
3.6, 3.7).
3.4.5

ARF2 is epistatic to HLS1 in plant immunity to B. cinerea

The function of HLS1 and ARF2 in hook development has been described (Li et
al., 2004). The hookless phenotype in hls1 mutant is compromised when ARF2 gene is
mutated in hls1 background, suggesting that ARF2 functions at the downstream of HLS1
(Li et al.,2004). In our results, the hls1 and arf2 single mutants displayed diversed
developmental phenotypes including the light responses, flowering time control, and leaf
senescence, implying closed relationships between HLS1 and ARF2. To further study
their functional linkage in plant immunity, the hls1 arf2 double mutant was generated and
tested. The hls1 arf2 double mutant rescues the plant susceptibility to B. cinerea and Pst
DC3000 (avrRpm1) caused by hls1 single mutant (Figure 3.8 A, B), suggesting that
ARF2 is epistatic to HLS1 to modulate plant immunity in response to pathogens.
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Figure 3.6. The increased expression of ARF2 compromises plant resistance to B. cinerea.
B. cinerea disease symptoms and lesion (B) showed the enhanced susceptibility of ARF2
overexpressing plants (ARF2-MYC/ arf2) compared to wild-type (WT) plants. 3.1.C.
ARF2-MYC protein was detected from two independent lines by anti-MYC antibody.
3.1.D. Disease lesion size was measured in WT, arf2, and ARF2-MYC/ arf2 plants. The
data represent mean values ± SE from (n=24) and the experiment was repeated three
times with similar results. Means with significant difference were determined after
statistical analysis (Student’s t test: ***P<0.001).

Under dark treatment, the chlorotic status in the hls1 arf2 double mutant is
similar as wild type plants, indicating that early leaf senescence in hls1 mutant is rescued
by arf2 mutation in hls1 mutant background (Figure 3.9). The same pattern was observed
in ABA responses during seed germination (Figure 3.10 A, B). A previous report
indicates that HB33 expression is tightly repressed by ARF2 and HB33 is involved in
ABA responsive pathway. Our results demonstrated that HB33 has low expression in hls1
mutant, implying that HLS1 function is required for HB33 expression (Figure 3.10 C).

104

Figure 3.7. Plants overexpressing ARF2-MYC rescues ABA hypersensitivity caused by
arf2 mutant.
Seeds from wile-type (WT), hls1, arf2, and overexpressing ARF2-MYC plants were
plated on MS medium supplemented with 0 or 1 μM of ABA. Seed germination was
counted after 4 days plating. The data represent mean values ± SD from (n=30) and the
experiment was repeated three times with similar results. Different letters indicate
statistically significant difference at the same ABA concentration (least squares means
post hoc test: P<0.05).

Figure 3.8. ARF2 function in B. cinerea responses is epistatic to HLS1.
(A) B. cinerea disease symptom in wild-type (WT), hls1, arf2, and hls1 arf2 double
mutant plants. The disease symptom of hls1 arf2 double mutant is similar to the
symptom in arf2 mutant.
(B) Bacterial growth was expressed in colony-forming units (cfu) per mg fresh weight
(CFU/mg FW) in wild-type and arf2 mutant plants. The data represent mean values ±
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SD (n=24) with at least three independent biological replicates. the mean values with
statistically significant differences are indicated by asterisks (ANOVA test:
**P<0.01).

We have discussed how HLS1 mediated ABA primes plant resistance to B.
cinerea in chapter 2. To further investigate whether ARF2 also rescues HLS1-mediated
ABA priming of plant resistance, wild type, hls1, arf2, and hls1 arf2 double mutant
plants were pretreated with ABA prior to B. cinerea inoculation. The data showed that
the plant resistance to B. cinerea is enhanced by arf2 mutant, which is similar as the
resistant pattern in wild-type plants. The hls1 arf2 double mutant displayed no enhanced
resistance, is similar to the responses in hls1 single mutant, implying that ARF2 has
independent in ABA-mediated plant resistance (Figure 3.11). Altogether, HLS1 and
ARF2 may share ABA phenotypes by regulating ABA responsive gene expression, but
not involved in HLS1-mediated plant immunity through ABA priming plant defense
mechanism.

Figure 3.9. ARF2 is epistatic to HLS1 function in dark-induced leaf senescence.
(A) Enhanced dark-induced leaf senescence in the hls1 mutant is suppressed by the arf2
mutation,
(B) Chlorophyll content in hls1, arf2 and hls1 arf2 double mutant is correlated to the
phenotype. The photo was taken 7 days in the dark. The leaves from similar positions
were detached from plants and senescence was compared through analysis of
chlorophyll content. The data represent mean values ± SD from (n=5). The
experiment was repeated two times with similar results.
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Figure 3.10. ARF2 is epistatic to HLS1 in ABA-mediated seed germination.
(A) The hls1 arf2 double mutant showed ABA-insensitive phenotype. The picture was
taken 4 days after plating seeds on ½ MS plate supplemented with 0 or 1 μM of ABA.
(B) Seed germination was counted after 4 days plating. The data represent mean values ±
SD from (n=30) and the experiment was repeated three times with similar results.
(C) The HB33 expression is detected by qRT-PCR in wild-type (WT) and hls1 mutant
plants after ABA treatment. The gene expression in WT at 0 hour after inoculation is
set to 1. In figure 2.10b, C, different letters indicate statistically significant difference
(last squares means post hoc test: P<0.05)
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Figure 3.11. ARF2 is not epistatic to HLS1 function in ABA-mediated priming of plant
resistance to B. cinerea.
Wild-type (WT), hls1, arf2, or hls1 arf2 mutant plants were pretreated with 100 µM ABA
or mock prior to B. cinerea inoculation. The data represent mean values ± SD from (n=15)
and asterisks indicate statistically significant difference between wild type and mutants
(Student’s test: ***P<0.001).

Based on our results, HLS1-mediated biological functions are suppressed by
ARF2 and we found that ARF2 stays at low expression level in hls1 mutant compared to
wild type plants in response to B. cinerea (Figure 3.12A). Two possible mechanisms are
proposed. First, HLS1 may associate on ARF2 promoter region to up-regulate its
expression. However, results of ChIP-qPCR assay displayed that HLS1 does not
associate on ARF2 promoter region (Figure 3.12B). Second, ARF2 and HLS1 may
modulate on the same target gene with independent mechanisms. We will identify the
target gene which RNA expression is regulated by ARF2 and HLS1 diversely.
A previous report proposed that HLS1 participates in auxin homeostasis.
ANATHRANILATE SYNTHASE α1 (ASA1) is required for the auxin biosynthesis and
local auxin distribution through down-regulation of auxin transporter PIN1 and
PIN2/EIR1 in root development (Sun et al., 2009). Our results displayed asa1 mutant has
early flowering, larger rosette leaves, and enhanced susceptibility to B. cinerea. In arf2
mutant plants, ASA1 basal expression is higher compared to its expression in wild type
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plants. ASA1 expression is highly induced in arf2 mutant after B. cinerea inoculation,
implying ARF2 mediates plant immunity on auxin biosynthesis or auxin distribution
(Figure 3.13). A previous report indicated that Auxin influx carrier AUX1 is a positive
regulator in plant resistance to B. cinerea (Llorente et al., 2008). Our data indicated that
the mutation of auxin efflux carrier eir1/pin2 enhances plant resistance to B. cinerea,
implying that auxin distribution in whole plants affects plant immunity in response to B.
cinerea (Figure 3.14).
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Figure 3.12. HLS1 is required for ARF2 expression, but not associates with ARF2
promoter region.
(A) Low ARF2 expression in hls1 mutant plant before and after B. cinerea inoculation.
The data represent mean values ± SE (n=3) from two independent biological
replicates. The gene expression in wild type at 0 hour after inoculation is set to 1.
Different letters indicate statistically significant difference (least squares means post
hoc test: P<0.05).
(B) HLS1 is no association with ARF2 promoter region through ChIP-qPCR assay. The
association of HLS1 in the wild type with WRKY33 is set to 1 as a background control.

3.4.6

Identification of HLS1 interacting proteins

To clarify HLS1 function in plant defense response, one of the appropraches is to
screen HLS1 interacting proteins. The yeast two-hybrid assay was conducted but no
interesting candidates were identified. Hence, we screened HLS1 interactors through
mass spectrometry analysis. The HLS1-HA proteins were extracted from overexpressing
plants and purified with beads conjugated with HA antibodies. To reduce the interference
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of antibody on mass spectrometry analysis, we eluted HLS1-HA proteins from beads by
adding HA peptides. The eluted HLS1-HA protein was confirmed by western blotting
analysis (Figure 3.15) and wild-type plants were used as a negative control. The data
displayed that HLS1 peptides were detected from transgenic plants, but not wild-type
plants, indicating the specificity of immunoprecipitation steps. While peptides from wildtype plants, peptides precipitated with HLS1 were repeatedly identified that is a RAB
GTPase homolog E1B (RABE1B; AT4G20360). The Interaction between RABE1B and
HLS1 was confirmed by co-immunoprecipitation (co-IP) in N. benthamiana (Figure 3.16).

Figure 3.13. ASA1 is a positive regulator of plant resistance to B. cinerea.
(A) B. cinerea disease symptom in wild-type (WT) and asa1 mutant plants and
(B) Quantitative assay for lesion size in infected plants. The data represent mean values ±
SE (n=20) with similar results. Means with significant difference were determined
after statistical analysis (Student’s t test: *P<0.05).
(C) The expression of ASA1 in WT, hls1, and arf2 mutant plants after B. cinerea
inoculation. ASA1 is highly induced in arf2 mutant. The data represent mean values ±
SE (n=3) from two independent biological replicates. The gene expression in wild
type at 0 hour after inoculation is set to 1. Different letters indicate statistically
significant difference (least squares means post hoc test: P<0.05).
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Figure 3.14. Auxin distribution affects plant resistance to B. cinerea.
Arabidopsis wild-type (WT) and auxin transporter mutants were inoculated with B.
cinerea and disease lesion was measured. The data represent mean values ± SE (n=20)
with similar results. Means with significant difference were determined after statistical
analysis (Student’s t test: ***P<0.001).
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Figure 3.15. HLS1-HA proteins are detected in purification steps by western blotting
analysis.
HLS1-HA protein purified from overexpressing plants with anti-HA antibody-conjugated
beads and then eluted from beads. The wild-type (WT) plants were used as a negative
control.

3.4.7

The function of RABE1B in plant immunity

RABE1B belongs to GTPase RAB protein family which is a well-known
regulator in the membrane trafficking and the autophagic process (Szatmari and Sass,
2014). RABE1B DNA sequence is highly similar to elongation factor thermo unstable
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(EF-Tu), that has a translation elongation domain. The homolog RabG3b was reported to
participate in hypersensitive response to Pst DC3000 (avrRpm1) (Chivasa et al., 2006;
Kwon et al., 2013). Our results displayed that the rabe1b mutant plants are enhanced
susceptibility to B. cinerea, which is similar to the hls1 mutant (Figure 3.17.A, B). The
rabe1b mutant plants also showed yellowish leaves during early developmental stage.
Additionally, rabe1b mutant plants are also enhanced susceptibility to bacterial Pst
DC3000 (avrRpm1) (Figure 3.17.C). Altogether, RABE1B and HLS1 have the similar
disease phenotypes in response to pathogens.
IP
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HLS1‐HA +

RAB‐MYC ABI4‐MYC
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ABI4‐MYC
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Figure 3.16. HLS1-HA interacts with RAB-MYC by co-IP assay.
ABI4-MYC or RAB-MYC protein were co-expressed with HLS-HA protein in N.
benthamiana through agro-infiltration. After 36 hours of infiltration, total protein was
extracted and HLS1-HA was precipitated with beads conjugated with HA antibodies. The
RAB-MYC, but not ABI4-MYC, is co-precipitated with HLS1-HA in N. benthamiana.

3.5

Discussion

In this chapter, we identified that ARF2 contributes to plant susceptibility to
necrotrophs. The homologs of ARF2, ARF1, ARF7, and ARF19 in Arabidopsis do not
affect plant resistance to B. cinerea. Based on the phenotypes of hls1 arf2 double mutant,
ARF2 is able to rescue HLS1-mediated leaf senescence, ABA response, and plant
resistance to B. cinerea. Interestingly, ARF2 do not affect HLS1-mediated ABA-priming
plant resistance, suggesting the HLS1 and ARF2 diversity. No evidences to demonstrate
that HLS1 associates with ARF2 promoter region to regulate its expression. Accordingly,
HLS1 and ARF2 may regulate to the same target with the independent function. To
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extend the understanding of HLS1 molecular function, we performed mass spectrometry
analysis and identified a novel HLS1 interacting protein, RABE1B. RABE1B is required
for plant immunity in response to pathogens.
A
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rabe1b
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Figure 3.17. RABE1B positively regulates plant resistance to pathogens.
(A) B. cinerea disease lesions in wild type (WT) and rabe1b mutants.
(B) Quantitative assay for lesion development in inoculated plants. The data represent
mean values ± SE (n=20) with similar results. Means with significant difference were
determined after statistical analysis (Student’s t test: **P<0.01; ***P<0.001). 3.17.C.
Bacterial growth was expressed in colony-forming units (cfu) per mg fresh weight
(CFU/mg FW) in wild-type and rabe1b mutant plants. The data represent mean
values ± SD (n=24) with two independent biological replicates. Different letters
indicate statistically significant difference (least squares means post hoc test: P<0.05).

3.5.1

The role of ARF2 in plant immunity

Our results showed that arf2 mutant is enhanced plant resistance to B. cinerea
that is consistent to a previous report shown that arf2 mutant is enhance plant resistance
to necrotrophic pathogen S. sclerotiorum (Stotz et al., 2011). While arf2 mutant, ARF2
overexpressing plants showed enhanced susceptibility to B. cinerea, suggesting that
ARF2 is a negative regulator of plant immunity to necrotrophs. Among 23 ARFs, ARF1
negatively regulates glucosinolate accumulation and arf1 mutant have shown the
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enhanced resistance to Hyaloperonospora parasitica Noco2, implying the potential role
of ARF1 in plant immunity (Robert-Seilaniantz et al., 2011). The sequence similarity
between ARF1 and ARF2 and redundant functions of ARF1, ARF7, or ARF19 in plant
development were reported (Li et al., 2004; Ellis et al., 2005). However, our data showed
that the arf1 arf2 or arf7 arf19 double mutant has no enhanced plant resistance to B.
cinerea compared with arf2 single mutant or wild-type plant, respectively. Similar results
were reported that arf1, arf7, and arf7 arf19 mutants are not resistance to Alternaria
brassicicola (Robert-Seilaniantz et al., 2011). A transcription activator ARF9 was
demonstrated its positive resistance to A. brassicicola through camalexin but no to Pst
DC3000 (Yap et al., 2005; Robert-Seilaniantz et al., 2011). Due to diverse disease
phenotypes and transcription functions between ARF2 and ARF9, whether ARF2 and
ARF9 modulating plant resistance to necrotrophs in the same pathway needs to be further
investigated.
Based on our qPCR results, we concluded that ARF2-mediated plant resistance
to necrotroph is independent to JA/ET-mediated defense pathway. Previous reports
indicate that ARF1 and ARF9 participate in plant immunity through modulating
secondary metabolites such as glucosinolate and camalexin (Robert-Seilaniantz et al.,
2011). In the chapter two, we mentioned that camalexin biosynthesis gene, PAD3, is
suppressed in hls1 mutant and ARF2 may suppress HLS1-mediated plant immunity
through the same pathway. Hence, we tested the expression of PAD3 in arf2 mutant.
However, PAD3 expression is downregulated in arf2 mutant, suggesting that ARF2
mediated plant resistance does not result from increasing camalexin production. SUR2
expression in arf2 mutant is the same as wild-type plants, suggesting that ARF2 does not
modulate plant resistance through glucosinolate synthesis. A previous report indicated
that ARF2 directly regulates GNC and GNL expressions that control flowering time and
greening (Richter et al., 2013). Our data displayed that in arf2 mutant, GNC and GNL
basal expressions are higher than wild-type plants and are repressed after B. cinerea
infection. Whether ARF2-mediated plant immunity functions through the regulation of
GNC and GNL needs to be further investigated.
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GRETCHENHAGEN3 (GH3) family proteins are regulated by ARFs (Ulmasov
et al., 1999b). GH3s encoded acyl acid amido synthetase that can adenylate free IAA and
conjugate with different amino acids (Ludwig-Muller, 2011). GH3s-mediated plant
resistance to pathogen through the regulation of IAA level. The GH3.5 or GH3.6
overexpressing plant reduces the endogenous IAA level and enhances plant resistance to
Pst (Park et al., 2007; Zhang et al., 2007). Additionally, the GH3.2 or GH3.8
overexpressing in rice enhances resistance to the fungal pathogen Magnaporthe grisea
resulting from the cell wall-loosening protein (Domingo et al., 2009; Fu et al., 2011). In
addition to IAA level, IAA conjugated Asp (IAA-Asp) promotes plant susceptibility to B.
cinerea through GH3.2 activity (Gonzalez-Lamothe et al., 2012). Our results showed that
GH3.3 has higher basic expression level in the arf2 mutant compared to other defenserelated GH3s, implying that ARF2 represses GH3.3 expression. ARF2 bound on the
AuxRE domain of GH3.1 promoter was proved by ChIP-qPCR assay (Wang et al., 2011).
GH3.3 contains the AuxRE domains in its promoter region and may be recognized by
ARF2. The RNAi or overexpressing line of GH3.3 will be useful to determine GH3.3
function in plant immunity and whether ARF2 regulates the GH3.3 expression by binding
on GH3.3 promoter region to control the plant resistance to necrotrophic pathogens.
3.5.2

Genetic and possible molecular interactions between HLS1 and ARF2

The previous genetic data implicated that HLS1 functions in response to
ethylene, particularly the control of apical hook formation. HLS1 modulates auxin
distribution in the seedling to initiate different elongation rates on hypocotyl cells (Hou et
al., 1993; Lehman et al., 1996). Interestingly, the hookless phenotype resulting from the
hls1 mutant is suppressed by the secondary mutation of AUXIN RESPONSE FACTOR 2
(ARF2) (Li et al., 2004). It suggests that HLS1 acts as a hub between ET and auxin
signaling pathways during apical hook development and ARF2 can block the its effects.
In addition, EIN3/EIL1, a transcriptional regulator in ethylene signaling, directly binds to
HLS1 promoter and increase its expression, enhancing apical hook curvature in response
to gibberellic acid (GA) and ET (An et al., 2012; Chang et al., 2013). HLS1 and ARF2
have diverse phenotypes on leaf senescence, flowering time, and defense responses to
necrotrophs (Ellis et al., 2005; Lime et al., 2010; Stotz et al., 2011), suggesting HLS1 and
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ARF2 contribute to the same pathway in response to hormone treatments and pathogen
inoculation. The double mutant hls1 arf2 displayed the comparable phenotypes compared
to arf2 mutant including leaf senescence, ABA responses, plant resistance to B. cinerea
as well as the hook formation and hypocotyl length. Based on these phenotypes, HLS1
and ARF2 have strong genetic interaction and molecular interaction was tested. Our
results revealed that HLS1 has no associate with ARF2 promoter region based on ChIPqPCR assay (Figure 3.11). Previous reports have been shown that the endogenous transacting short-interfering RNA (tasiRNA) or microRNA (miRNA) is able to suppress
ARF2 expression (Williams et al., 2005; Alvarez et al., 2006). Whether HLS1-mediated
miRNA synthesis to further control ARF2 trancriptional level needs to be investigated.
HLS1 and ARF2 may modulate the expression in the same downstream gene
through their independent regulatory mechanisms. A model has been proposed that ARF
protein and histone acetylation protein complex separately bind at the different promoter
region in the same gene. The ARF protein–mediated gene activation is boosted under the
control of histone acetylation protein complex (Weiste and Droge-Laser, 2014). In our
scenario, ARF2 and HLS1 may regulate the same target gene independently. The gene
activation by HLS1 histone acetylation is further controlled by ARF2. After removal of
ARF2, the gene expression is boosted. The similar pattern has been proposed on monoubiquitinated histone variants H2B.7 and H2A.Xa/H2A.Xb/H2A.3 on the control of
defense gene expression. The mono-ubiquitination status represents to gene activation.
However, the mono-ubiquitination-triggered defense gene activation is repressed by a
SWI/SNF2 family protein BRHIS1 in the absence of pathogen attack (Li et al., 2015).
The model suggests that the BRHIS1 expression is reduced after pathogen inoculation to
release BRHIS1 from mono-ubiquitinated histone variants and then to activate defense
gene expression (Li et al., 2015). The study suggests that the expression of defense gene
is tightly controlled through two independent mechanisms.
The results of the hls1 arf2 double mutant indicate that ARF2 can restore the
effects triggered by HLS1. The overexpressing ARF2 protein in the hls1 arf2 double
mutant displayed the same phenotype as hls1 mutant (Li et al., 2004). This data
confirmed that ARF2 dominates HLS1-mediated gene expression. However, ARF2 is
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unable to modulate HLS1-mediated ABA priming of plant immunity, suggesting that
HLS1-mediated plant immunity is partially controlled by ARF2.
HLS1 and ARF2 may affect the auxin distribution and cell division in the apical
hook and root tip development, respectively (Lehman et al., 1996; Raz and Koornneef,
2001; Wang et al., 2011). The auxin transport inhibitor TIBA treating on seedling results
in hookless phenotype and enhances plant susceptibility to necrotroph P. cucumerina that
is similar as the phenotype in hls1 mutant (Lehman et al., 1996; Llorente et al., 2008). It
suggests that HLS1 or ARF2 contributes to plant immunity through auxin distribution.
HB33 functions on ABA-mediated auxin distribution and its expression is also directly
repressed by ARF2 (Wang et al., 2011). hb33 mutant is insensitive to ABA that is similar
as hls1 mutant (Wang et al., 2011). While with wild-type plants, HB33 expression is
repressed in hls1 mutant before or after ABA treatment. Whether HLS1 and ARF2
modulate plant defense responses by regulating HB33 expression needs to be further
investigated.
Auxin distribution is also regulated by auxin transport carriers through vascular
parenchyma (Teale et al., 2006). The mutation on auxin influx carrier AUX1 gene results
in ethylene insensitive and susceptible to B. cinerea. Another example is BIG/TIR3
encoding a calossin-like protein functions on auxin transport (Gil et al., 2001). The
big/tir3 mutant shows enhanced plant resistance to root-infecting fungal pathogen (Kazan
and Manners, 2009). Our results revealed that ASA1 gene expression is corresponding to
the disease phenotype in arf2 mutant. Whether HLS1 and ARF2 modulate plant
immunity through the control of auxin distribution in whole plants will be further
investigated.
3.5.3

HLS1 and ARF2 have genetic connection in the leaf senescence

Senescence is a type of the programmed cell death to scavenge nutrients from
old leaves to developing leaves and to restrict the pathogen spread (Lim et al., 2007).
Leaf senescence is promoted by ethylene, JA, and ABA (Lim et al., 2007). The ethylene
insensitive mutant such as ein2 or ein3/eil1 showed delay senescence phenotype. It has
been studied that EIN3/EIL1 directly regulates HLS1 expression. However, hls1 mutant
showed early senescence which is not correlated to ethylene induced senescence.
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Therefore, leaf senescence may not be induced through ethylene in a HLS1-dependent
manner. In hls1 mutant, the leaf senescence is triggered by ABA implying that HLS1
regulates senescence through ABA responses. Particularly, the leaf senescence is
occurred in secondary (non-inoculated) leaves in hls1 mutant plants after B. cinerea
inoculation suggesting that HLS1 is required for restricting senescence-like symptoms
that include extensive chlorosis and death of tissue away from the infection site.
The diverse leaf senescence phenotype was observed in hls1 and arf2 mutants.
Previous reports indicated that the increased auxin level delays leaf senescence and hls1
mutant has low auxin level (Ohto et al., 2006; Lim et al., 2007). Whether HLS1 and
ARF2 modulate auxin distribution to contribute to leaf senescence under biotic or abiotic
stress will be further investigated.
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